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SUMMARY
The primary function of a cement clinlcer cooler must 
always be the adequate cooling of the clinker product; however 
from the point of view of fuel economy, such coolers are also 
designed to utilise the sensible heat of the clinker to pre­
heat the secondary air necessary for combustion. In modern, 
large capacity plant, the efficiency of heat recuperation has 
assumed a growing importance because of two related economic 
factors. The first is cutting fuel costs via the well under­
stood benefits of heat recuperation; the second factor is the 
gradual improvement in fuel economy of cement kilns in general. 
As kilns become more finely tuned, the air required for 
combustion is reduced in direct proportion to the fuel usage,
i.e. less air is available to cool a unit quantity of clinker. 
Hence, in order to avoid the situation where more air is 
supplied to the cooler than is required for complete combustion 
of the fuel, more efficient heat recuperation is needed.
The Fuels and Energy Research Group at the University 
of Surrey (FERGUS), first became aware of these kiln/cooler 
problems in the late 1960's, during the course of their 
pioneer work on the aerodynamics of rotary cement kilns. 
Consequently during the last decade, FERGUS has actively 
investigated the limitations of grate cooler systems, in general.
In the initial stages of the research, a perspex water 
model was constructed at the University, based on some of the 
largest kilns in the world, those at. Northfleet Works of Blue 
Circle Industries. These coolers were experiencing "air 
sliding" of the clinker bed, causing red hot clinker to be
dumped onto the rubber belt conveyors. Using suitable flow 
tracing media under controlled, scaled flow conditions, the 
aerodynamics of the Fuller grate cooler were studied, thus 
revealing that the air flow balance through the chambers at 
the hotter end of the cooler was more significant in its 
effect on the clinker bed than the balance at the colder end 
A solution to this problem could then be achieved by using a 
three step grate.
Water modelling, although giving quick visual solutions 
to aerodynamics problems, is only qualitative. In order to 
quantify results, various models of rotary kiln cooler 
systems have been constructed, in particular a l/24th scale 
model of the No. 2 kiln of Rugby Cement’s South Ferriby Work 
This kiln had for some time suffered from excessive wear 
rates in the burning zone refractory lining, an expensive 
problem in terms of down-time and rebricking. Air model 
pitot static measurements indicated that the air jet (repre­
senting the fuel/primary air stream) was exhibiting a 
peculiar "corkscrewing” effect, which could possibly be the 
cause of impingement on the refractory lining, leading to 
premature failure of the refractory coating. Correct kiln 
firing practice is to promote recirculation of combustion 
products; these gases, being cooler than the flame, protect 
the brickwork from overheating.
It was already understood that the primary cause of 
flame impingement was a lack of recirculation due to in­
sufficient burner momentum flux, the solution being a costly 
change in the firing system.
However, the air model results were later verified by 
full scale plant trials and a solution was proposed to 
eliminate the "corkscrewing" effect by means of a wedge- 
shaped bluff body welded along the jet axis.
In order to gain a better understanding of the funda­
mentals of clinker cooling, heat transfer and particle be­
haviour in grate cooler beds were investigated in an experi­
mental test rig comprising four, full sized grate plates 
housed in a purpose built enclosure. Air was blown through 
a clinker bed of polysize particles, which could be preheated 
by gas burners; changes in bed temperature and air pressure 
drop with time were monitored over a range of bed heights.
The bed pressure drop results indicated that Ergun's^2^
f8 21pressure drop equation and Wen and Yu's^ J minimum 
fluidization velocity equation can be used to predict pressure 
drops and air velocities in grate coolers. With the aid of 
Schumann curves, overall heat transfer coefficients for 
clinker beds were derived. It was found that heat transfer 
coefficients maintained a constant value with increased air 
flow rates and the effect of bed height on this coefficient 
was negligible. The result have been correlated by the 
following expression:
T -0.55 - — - 1.1St = 11.22 -
Re _ P Pr
To predict the heat transfer rates in a clinker bed, 
Saunders and Ford’s correlation was used. It was found that 
their theoretical considerations on packed bed heat transfer 
were applicable to packed beds of clinker particles. From
this, a mathematical model was constructed to predict the 
secondary air temperatures and clinker temperatures in a 
grate cooler. A hot plant trial was carried out to investigate 
the hypothesis that deep bed operation improves heat trans­
fer in grate coolers, and this was subsequently proven.
Thus, this study has quantified the macro aerodynamic 
effects of grate cooler systems, through the media of air 
and water modelling. Considerable information has also been 
obtained on the dynamic behaviour and heat transfer mechanisms 
of a particular polysize bed of clinker particles. From this 
information, putative predictions can be made regarding the 
general behaviour of clinker in beds. Recommendations have 
been made for further studies in this area.
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CHAPTER 1 
INTRODUCTION
2Clinker coolers predominantly cool the temperature of 
clinker produced by rotary kilns. There are four types of 
clinker coolers in cement industry. They are grate coolers, 
rotary coolers, satellite and moving bed coolers.
In all four clinker coolers, hot clinker is inade­
quately cooled as air is made to flow over the hot clinker or 
made merely to percolate through the void spaces between a 
more or less stationary particle. Under these conditions 
adequate cooling of hot clinker cannot be achieved except with 
long cooling periods or increased secondary air supply. The 
disadvantages of both these possibilities are: longer cooling pe­
riod decreases output,and increase of secondary air decreases 
overall thermal efficiency.
As grate coolers are predominantly found in the cement 
industry, it was decided to study their efficiency. Grate 
coolers consist of a moving,or reciprocating,perforated metal 
plate through which air is blown from underneath causing the 
hot clinker to cool down rapidly. Recuperation of the sensi­
ble heat in clinker is very important from the point of view 
of fuel economy.
The next sections in this chapter introduce the cement 
making, kilns and coolers used in the cement industry.
31.1 Brief Survey of Cement Manufacture
1.1.1 The History of Portland Cement
At the end of the 18th century and early in the 19th 
century there was much activity in Europe concerning the 
discovery of Portland cement. In 1758 Smeaton found that 
any limes which would set under water had a considerable 
clay content.
In 1822 James Frost patented and produced at Swanscombe 
in fact, 'British Cement'. In 1824, Joseph Aspden of Leeds, 
patented an improvement in the method of making a cement 
or artificial stone for stuccoing buildings, which he called 
Portland Cement. Aspden's son, William, established works 
at Gateshead,Rotherhithe and Northfleet and his Portland Cement 
was used on important civil engineering work by Brunei, in 
preference to Roman Cement. The Roman Cement mentioned here 
was discovered in the 18th century, and it was made at that 
time by heating almost to the point of vitrification and 
grinding certain nodules of clay containing veins and small 
crystals of c a l c e r e o u s m a t t e r .
It was not until 1840 that I.C. Johnson, the manager of 
Frost's Works at Swanscombe manufacturing Roman and British 
Cements, who was also a chemist, concluded that it was 
necessary to burn beyond calcination, but only achieved 
success almost by accident in determining the proper p r o p o r t i o ­
ning of chalk and clay. The chalk and clay were comminuted 
by beating them up in the desired proportions with water 
in wash mills, in which the flints present in the chalk were
4separated. The resulting slurry was settled in shallow beds, 
called ’b a c k s ’ from which the free water was run off. The 
puggy residue was cut up into blocks about the size of a brick 
which were dried and then stacked in chamber or shaft kilns 
with layers of coke for burning.
The invention of the ball mill in 1885 and of the tube 
mill in 1895, transformed the grinding of both raw materials 
and clinker. The first rotary kiln was patented in England 
in 1877 but attempts to develop it were abandoned, and it was 
not until 1895 that it was brought into commercial" operation 
in the U.S.A.
1.1.2 Raw Material Preparation
The mix selected for the manufacture of cement generally 
consists of suitable proportions of silica, aluminium and 
iron oxide, and in special instances sand may have to be added. 
The chemical analysis of raw material is given in Table 1.1.
The raw materials are classed as soft and hard. Soft 
materials can normally be comminuted in wash mills. The 
large pieces produced in the quarry by blasting are referred 
to as hard material. Due to its large size, hard material is 
fed into a primary crusher before feeding it into a mill for 
ultimate size reduction. The raw material is normally stored 
after crushing and before grinding.
The material for the wet manufacturing process is p r e p a ­
red by feeding it into a ball mill continuously with water, 
and producing slurry. For the dry manufacturing process the 
material is crushed dry in a ball mill.
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6Raw m a t e r i a l
s o f t  m a t e r i a l hard material
(limestone & shale)(chalk & clay)
ball mill crusher
ball mill
slurry slurry or raw feed
1.1.3 Storage of Slurry'and Raw Meal
The main storage for slurry usually consists of a number 
of open basins with stirring gear. Traditionally these basins 
contain a rotary bridge spanning the basin, running on wheels 
and carrying submerged compressed air nozzles which agitate 
the slurry. Modern techniques for blending dry raw material 
are by aerating it from the bottom of a silo using compressed 
air nozzles.
1.1-4 Burning of Raw Material
The raw material is burned in a kiln, wet or dry, and 
goes through three stages.
(1) Driving off the moisture at about 260°C
(2) Driving off the C 0 2 at about 1000°C
(3) Clinkering or fluxing at about 1400°C.
The burning process can be carried out by one of four 
different production processes.
7B u r n i n g  p r o c e s s
wet semi-wet semi-dry dry
(long-wet kiln) (Lepol kiln) (Lepol kiln)
long dry preheate
kiln kiln
1.1.5 Survey of Rotary Kilns in Cement Industry
The rotary kiln consists of a cylindrical steel shell 
lined with refractory brick and mounted at an inclination 
of about 2 to 5 degrees to the horizontal on a number of 
roller supports, so that it can be rotated about its axis.
A long kiln (Fig* 1*1) is fed at the upper end with raw 
material and a short (Figs. 1.5 and 1.6) kiln with the p r o ­
duct from a preheater. Both are fired by a jet of pulverised 
coal, oil or gas injected axially at the lower end. The hot 
clinker produced falls into either a rotary or grate cooler 
located below the kiln, or into cooling cylinders carried on 
the kiln shell.
1.1.5.1 Long wet Kiln
In this kiln feed enters the kiln as slurry and heat 
transfer take place between the wet slurry and hot gas (Fig.1.1) 
In the dehydration zone heat transfer is increased by chains.
The gases enter the chains at a temperature of approximately 
815°C, and leave the kiln at a temperature of around 200°C.
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The material enters the chains with a temperature of 50°C and 
emerges from the chain section with a temperature of 105°C.
In comparison with dry kiln a wet kiln requires theoretically 
more fuel to drive off the water from the slurry. The a d v a n ­
tages of wet kilns to dry ones are that the feed is blended 
more uniformly than in the dry process, and dust losses are 
quite small, since the dust cycle is contained within the kiln.
1.1.5.2 Lepol Kiln
A nodule feed (10%mo isture) is fed into a travelling grate 
when it is dried and partially calcined before it falls into 
the rotary kiln (Figs. 1.3 and 1.4). Exit gases from the 
rotary kiln pass through the nodule bed (Fig. 1.5) to heat 
the material. The partially calcined material then falls down 
a chute into the rotary kiln, where clinkerization takes place. 
The rotary kiln is only one-third of the usual length of an 
equivalent wet kiln due to calcination partially taking place 
in the Lepol grate.
1.1.5.3 Dry Kiln
Dry kilns are divided into two different groups: long 
kilns and short kilns. Long kilns have internal heat e x ­
changers, whilst short kilns are coupled to gas suspension 
p r e h e a t e r s .
1.1.5.3.1 Long-dry Kiln
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back end of the kiln. Practically, the chain system is not 
efficient and lifters are used in modern units. These lifters 
are known as ’crosses'. In the cross system the kiln shell 
is internally divided into a number of longitudinal passages, 
so that the material presents a greatly increased surface to 
the gases.
1.1.5.3.2 Preheater Kiln
In the gas suspension preheater kiln, the dry feed is 
preheated and partly calcined in a battery of cyclones before 
it enters the rotary kiln (Fig. 1.6). The heat exchange 
between the gas and the material takes place while both are 
in suspension. This kiln is low in fuel consumption and high 
in production rate.
Fig. 1.7 shows the comparison of energy consumption of 
a wet kiln to a dry kiln. Considerable saving of energy in 
a dry process kiln is clearly shown here.
1.1.6 Cooling of Clinker
Clinker at approximately 1000°C as it flows out of the 
kiln, is cooled to about 60°C in a cooler before being d i s ­
charged on to a conveyer. The air required for combustion 
is provided from the cooler in a preheated state. A  survey 
of coolers used in the cement industry is given in Section 1.2. •
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The equipment for grinding the clinker is common to all 
processes and is not a factor determining the processes. The 
hard burned clinker and a small quantity of gypsum are ground 
to a fine particle size to produce the final product which is 
cement. Usually a ball mill is used for this purpose, but 
tube mills are also known to be used.
1.2 A.Review of Clinker Coolers in Cement Industry
The first clinker cooler was designed about 100 years ago 
as ’a separate rotary tube', the object of which was to cool 
cement clinker to a temperature allowing mechanical handling.
The primary object of a clinker cooler is to attain 
m a x imum recuperation of clinker heat to rajDidly cool clinker 
to a suitable temperature, and to perform with low energy 
consumption. A survey of the various clinker coolers used 
in industry follows.
1.2.1 Rotary Coolers
The rotary cooler is the oldest type of clinker cooling 
device used with the rotary kiln. The rotary cooler (Fig. 1.9) 
consists of an independent revolving cylinder following the 
rotary kiln. The slope of rotary coolers is in the range 
from 4° - 7° to the horizontal. They are commonly arranged 
in opposition to the k i l n ’s slope, since most of them are 
located underneath the rotary kiln. Rotary coolers operate 
with rotational speeds in the range 1 to 8 rpm. About 10% of
1 . 1 . 7  C l i n l c e r  G r i n d i n g
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the cooler length is refractory lined. They are tilted 
with flights (Fig. 1.10) for lifting and dropping the clinker 
to improve contact with the cooling air, and thus increase 
the efficiency of the cooler. The negative pressure in the 
rotary kiln induces suction of cold air through the open 
end of the rotary cooler. The cooling air passes through 
the rotary cooler in cross-current to the motion of the 
cl i n k e r .
1.2.2 Satellite Coolers
The clinker produced by the kiln is distributed into a 
number of cooling tubes mounted circumferentially around the 
outlet end section of the kiln, and parallel to the centre 
line of the latter. Each cooling tube, which has a length/ 
diameter ratio of about 10 : 1 is symmetrically mounted in 
two bearings, a fixed and a moveable one (Fig. 1.11).
The rotation of the kiln itself causes the clinker to 
fall into the tubes and travel along them. Speeds range 
from 1.9 to 2.4 rpm. Internally a cooling tube is subdivided 
into several zones characterized by differences in lining 
and lifter attachments (Fig. 1.11).
The major advantage of the satellite cooler is its 
simplicity from the process engineering point of view. It 
operates practically without attention and does .not require 
any special dust collection equipment for the exhaust cooling 
a i r .
20
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Rotary-cooler
Fig. 1.10 The rotary cooler with lifter patterns
. ; Satellite cooler
Fig. 1.11 The satellite cooler with lifter patterns
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1.2.3.1 Shaft Coolers
Fluidized beds create the most efficient heat transfer 
conditions for gas/solid systems. Shaft coolers featured the 
following main components (Fig. 1.12): A discharge hopper, 
an air-tight compartment, discharge grate and blower for 
cooling air. Due to the fluid bed effect the material in the 
upper part of the shaft behaves like a liquid, so the clinker 
entering the cooler from the rotary kiln is immediately evenly 
distributed.
The thermal efficiency of the shaft cooler is known to 
be 83%. Since there is no excess air, no dust collector is
required. The head room of a shaft cooler is 10% higher than
that of a grate cooler.
1.2.3.2 ’G ’-Coolers
fG'-coolers (Fig. 1.13) are suitable for after-cooling of 
clinker from a grate or satellite cooler. They cool the clinker 
from 500°C to 100°C. The design features of the 1G 1-cooler 
are shown schematically in Fig. 1.14a, b . A drag chain- 
distributes the clinker to the shaft. A level measuring 
device in the last shaft section controls the discharge e q u i p ­
ment and ensures that all the other sections are kept filled 
with clinker. The hot clinker descends slowly at a speed of 
2-3 cm/min, during which it is cooled by air passing through 
the numerous cooling tubes of flattened cross sectional shape 
(Fig. 1.13) extending transversely. Thus a counter-current
1 . 2 . 3  G r a v i t y  C o o l e r s
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Fig. 1.12 Diagrammatic representation of a shaft cooler
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Fig. 1.13 The G-cooler with diagrammatic view of its internals
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Fig. 1.14(a) Line diagram of a grate and 'G'-cooler
COOLING AIR FOR g-COOLER APPROX 2.0 Nm)/Ug CL
Fig. 1.14(b) Representation of temperature and air flow rate in grate & G-cooler
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effect is obtained without direct contact between clinker and 
cooling air.
1.2.4 Grate Coolers
Normally a grate cooler consists of a grate (Fig. 1.15) 
to convey the hot clinker.,, with air blown underneath the grate 
to cool the clinker during its transportation. Most types of 
grate coolers are quite similar in design; although they are 
m anufactured by different companies, the only important design 
variable is the method of conveying clinker.
Section 1.2.4.1 to 1.2.4.4 outlines the different types 
of grate coolers used in industry.
1.2.4.1 Fuller Coolers
Originally the Fuller clinker cooler was constructed 
with a 15° slope, modified from the Seyboth grate for boiler 
firing. To reduce the head room,the slope of the grate was 
first lowered to 10° and later to 5°. New units use a h o r i ­
zontal grate. The grate uses a reciprocating action with 
alternating rows of immobile and mobile plates. The grate 
is driven by variable speed motors (Fig. 1.16b). The u n d e r ­
size clinker particles pass through the grate plates, enter 
the air compartments, from where they are discharged by motor 
operated air-tight double tipping valves; . a drag chain 
is used to convey the discharge. The cold grate end d i s ­
charges the bulk of the clinker to an inclined grid from where 
it drops to the clinker conveyor. A clinker breaker located
Fig. 1.15 Inside layout of a grate cooler
Fig. 1.16(a) Air fan layout of a step grate Fuller cooler
Fig. 1.16(b) The grate drive, coal mill air duct on a step grate Fuller cooler
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at the end of the inclined grid, disintegrates large chunks of 
clinker (Fig. 1.16b).
1.2.4.2 The Fuller Combination Cooler
Due to the increasing size of rotary kilns, the horizontal 
Fuller cooler encountered operational problems. The hot bed 
of fine clinker on the horizontal grate became fluidized by 
the increased volume of increasing air, thus the grate would
»AOT
reciprocate^advancing clinker through the hot zone.
To overcome this situation, the Fuller combination cooler 
was developed. The first section at the feed end of the grate 
is at a 5° slope. At the same time the heights of the pushing 
face of the grate is increased from 2" to 3g"; the remainder 
of the cooler consisted of a horizontal grate. The sloped 
grate and the horizontal grate have separate drives. This 
design partially overcomes the fluid bed effect. The latest 
construction of Fuller combustion coolers consists of a stepped 
grate, a sloped grate, a horizontal grate, a clinker breaker, 
and a long horizontal grate (Figs. 1.17a,b).
1.2.4.3 Recupol Cooler
Using the structural elements of the Lepol grate, the 
Recupol cooler was developed (Fig. 1.18). The clinker from 
the kiln falls on to a chute which is covered by a water 
cooled steel plate. The function of the cooled chute 
to prevent depositing of hot clinker. The clinker is c on­
veyed by a horizontal travelling grate. During the cooling
28
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Longitudinal section of the Recupol cooler
1 Turning shaft
3 Supporting girder
4 Water cooled steel plate
5 Shaft for upper traveling route
6 Siding plate
7 Chain curtain
8 Chain wheel
9 Drive shaft
10 Strip off grate
11 Clinker breaker
12 Grate bolt
14 Shaft for lower traveling route
15 Pulsator
16 Blower nozzle
17 Drag plate
18 Slide bearing
19 Sealing elements
20 Chain link
21 Grate plate
22 Flap gate
Fig. 1.18 Diagrammatic representation of Recupol cooler
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process clinker rests upon the travelling grate plates. Afte 
dropping the clinker at the discharge end, the grate plates 
are cooled on the return route. A clinker breaker extending 
for the total width of the cooler grate crushes larger pieces 
of clinker and returns them back into the cooler for a f ter­
cooling. A chain curtain protects the refractory lining.
The cooling of clinker is performed in two zones. In 
the pre-cooling area air injecting and pulsating nozzles 
transform the clinker layer into a state similar to a fluid 
bed, thus improving distribution and cooling of the bed.
The flow chart of a typical Recupol cooler is given in Fig. 
1.18. The first compartment is supplied by two pulsator 
fans, whilst the rest of the seven chambers are supplied with 
air by a large fan. Waste air from the cooler is used for 
coal drying purposes. The excess air at the back end of the 
cooler is passed through a dust collector and is used for 
raw material drying.
1.2.4.4 Folax Grate Cooler
This cooler is provided w i t h  a separate quenching grate 
andv.blowers (Fig. 1.19). The quenching grate is followed by 
a 3° inclined grate; then again follows a horizontal grate. 
This arrangement, in conjunction with high pushing faces of 
the grate plates, helps to overcome fluid bed effects. The 
grate plates are arranged in such a way that stationary and 
mobile grates alternate. This arrangement causes the transfe 
of the clinker on the grate.
Fig 1.19 I. L. Smidth Folax clinker cooler
Notation:
1 Quenching grate
2 Inclined grate
3 Upper horizontal grate
4 Lower horizontal grate
5 Step with 23.6" height
6 Hot air extraction
7 Extraction of surplus air
8 Water injection
9 Collecting hoppers
10 Discharge valves
11 Drag chain
12 Clinker breaker
13 Chain system
14 Stationary and mobile grate plate
15 Mechanical or hydraulic grate drive system
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This cooler is commonly used with dry process kilns. It is 
possible to divide the secondary air between the kiln and pre- 
calciner. The superplus air at the back end of the cooler 
can be conditioned by water (Fig. 1.19 (8)). before cleaning 
in an electrostatic precipitator.
The compartments of the cooler housing are supplied with 
collecting hoppers for spillage. This material is released 
through discharge valves (Fig. 1.19 (10)) into a drag chain 
(Fig. 1.19 (11)). Oversize clinker particles are communited 
in a clinker breaker (Fig. 1.19 (12)) and returned to the 
grate for after-cooling. The cooler insulation is protected 
by a chain curtain (Fig. 1.19 (13)).
1 • 3 Operation of Clinker Coolers
1.3.1 Heat Recuperation in Clinker Coolers
The secondary air is the only practical means of r e t u r ­
ning recovered heat to the rotary.kiln from a clinker cooler. 
The ability of a counter.-current cooler (satellite cooler) 
to recuperate heat is superior to that of a transverse- 
current cooler (grate cooler). With a clinker temperature of 
1300°C at the kiln outlet,the recuperation levels in Table 1.2 
apply. The figures in Table 1.2 show that in current o p e r a ­
tion of grate coolers there is little hope of raising the 
heat recuperation level. As to tube coolers, the heat r e ­
cuperation level can be incRw£A^e.ii>by reducing radiation loss, 
in which case the subsequent temperature rise of the secondary 
air must be taken into account, this also being influenced 
by the clinker temperature at the kiln outlet.
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T a b l e  1 . 2  Hea t  r e c u p e r a t i o n  l e v e l s
Kiln heat consumption 
kcal/kg clinker
Heat recuperation (kcal/kg clinker)
Tube coolers grate coolers
1200 275 275
1000 2 70 260
900 2 60 250
800 2 50 2 30
700 240 210
The clinker temperature at the grate cooler outlet depends 
on the amount of excess air employed, as only about one-fifth 
of the grate cooler length is used for recuperating cooling. 
The remaining length is used for after-cooling, and a clinker 
temperature between 50 - 100°C at cooler outlet is therefore 
attained without difficulty. In tube coolers the exit t em­
perature of clinker is generally higher. If necessary a 
simple system of water cooling at tube cooler outlets can be 
used, thus reducing the clinker temperature by 5 0 - 2 5 ° C .
1.3.2 Cooling Speed of Clinker
With regard to the cooling speed of clinker, it must be ' 
sufficiently high to prevent it affecting clinker quality.
In the majority of cases the clinker temperature at kiln 
outlet is so low (below 1300°C) that the liquid substance of 
the clinker becomes solid, thus preventing any change from
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taking place in the clinker minerals which affect grindability 
and cement strength.
The amount of clinker liquid formed in the sintering zone 
which remains in the glassy state after it is cooled to ambient 
depends on rate of cooling. There is little evidence in the 
literature that the glassy phase causes lower shrinkage than 
the crystalline form. On the chemical considerations, rapid 
quenching increases setting characteristics of silicates and 
fine grain growth of alluminate and ferrite phases.
1.3.3 The Granulometric Properties of Clinker
The granulometric properties of clinker have naturally 
some influence on the cooling process. Very dusty clinker 
can prove difficult to convey in a grate cooler where there 
is some precipitation of hot dust. Air is blown through the 
layer of clinker, the cooler fans being capable of this, but 
this air has a certain tendency to form vulcanoes (blow holes) 
through the layer of clinker, thus reducing cooling efficiency. 
Tube coolers are provided with lifters, the shape and p o s i ­
tioning of which are determined by the granulometric p r o p e r ­
ties of the clinker.
1.3.4 Energy Consumption in Clinker Coolers
The figures given in Table 1.3 give the specific power 
consumption in kWh/t clinker. The low clinker temperature 
from a grate cooler process draws heavily on the energy 
expressed in kWh/t clinker.
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T a b l e  1 . 3
Energy consumption Grate cooler Satellite cooler
Mechanical operation 0.8 0.5
Cooling fans 5.9 0.3
Excess air fans 2.7 0.0
Electro filter 1.0 0.0
Total 10.4 0.8
Table 1.4 gives the average operational data of clinker 
coolers, temperatures and air flow rates.
Table 1.5 compares the thermal efficiencies of grate 
coolers to tube coolers.
1.3.5 Process Control on Coolers
The automatic control in a grate cooler has set points 
corresponding to normal production, thus maintaining p r e ­
determinant levels covering grate speed, and the quantity 
and distribution of air through the individual grate sectors. 
The clinker feed to the grate cooler fluctuates slightly with 
regard to amount , temperature and granulometric properties, 
thus causing minor but negligible variations in clinker 
cooling conditions. If the grate cooler is exposed to a 
momentary boost, however, the grate speed is automatically 
increased to maintain the required clinker layer thickness
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Table 1.4 Average operational data of clinker coolers
Data of coolers (overage)
Cooler-type
Grate-cooler lube-coolei
Gra-
vity-
cooter
Shalt-Travelling
Slo-
ping-
Hori-
zont.-
Com-
bi-
Duo-
stageM QUO-
therm
Satel­
lite-
Ro­
tary
Capacity ± 20% t/d 2500 2500 2500 2500 2500 2500 2500 2500
Specific heat ± 3% kcal/kg 765 765 765 765 765 765 765 765
Clinker at inlot ± 3% °C 1400 1400 1400 1400 1400 1200 1300 1400
Clinker a 1 outlet ±10% °C 135 105 120 105 65 165 210 360
Cold air °C 20 20 20 20 20 20 20 20
Socundary air °C 870 880 795 880 925 740 870 840
Exit air °C 240 260 265 260 345 - - -
Duothorm air °C - - - - 150 - - -
Cooling air stmVkg 2.1 2.1 2.3 2.1 1.7 0,90 0.85 1,05
Secondary air stma/kQ 0.85 0.85 0.88 0.85 0.85 0.90 0.85 1.05
Exit air stmVkg 1.25 1.25 1.42 1.25 0.85 - - -
Duolherm air stmVkg - - - - 0,70 - “ -
False ox stm3/kg - - - - - 0.03 0,05 -
Primary air stmVkg 0,05 0.05 0.05 0,05 0.05 0.05 0.05 0.05
Clinker dost 
(kiln-cooler) kg/kg - - - - - 0,08 0.08 -
\
Table 1.5 Typical heat balances of clinker coolers
Heat balance* of coolers (related to 20 °C)
Cooler-type
Grate-cooler Tube-coder
Gra-
vity-
coolor
Travel­
ling
Slo­
ping-
Hori-
zonl.-
Com-
bi-
Duo-
atago-
w.duo-
therm
Satel-
Ko-
Ro­tary- Shaft-
Heat Input
Clinker kcal/kg 360 360 360 360 360 292 324 360
Cooling air kcal/kg 0 0 0 0 0 0 0 0
Clinker dust kcal/kg - - - - - 23 26 -
Heat expenditures
Ctinker kcal/kg 22 16 19 16 8 28 36 72
Secondary air kcal/kg 241 245 227 245 256 214 240 285
Clinker dust kcal/kg - - - - - 13 16 -
Radial, a convektion kcal/kg 4 4 4 4 6 60 50 3
Exii air kcal/kg 87 95 110 95 88 - - -
Water cooled chute kcal/kg 6 - - - - - 6 -
Therm, efficiency
internal % 67 68 63 68 72 72 73 79
external - - - - 96 - - -
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on the grate. As the cooling fans operate at only about 60% 
maximum performance in normal production, the automatic 
control ensures the supply of extra air necessary to cool the 
clinker to the required temperature.
As secondary air only is used in satellite coolers the 
clinker leaves the kiln at a relatively higher temperature, 
providdd the amount of kiln air has not been increased due 
to a kiln rush. The water cooling at cooler outlet will 
automatically reduce temperature rises by up to approximately 
75°C and is the only means of regulating' the process in 
satellite coolers.
In rotary coolers, by changing the rotational speed of 
the cooler, the degree of filling and clinker residence time 
are adjusted.
CHAPTER 2 
LITERATURE SURVEY
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2.1.1 General Introduction to Furnace Modelling
Various techniques for the study of flowing systems have 
been developed and refined during the last few decades.
Hele S h a w ^  reported some of the earliest experiments on the 
two-dimensional flow of water. One of the earliest serious 
attempts to analyse the internal flow in industrial equipment 
has been reported by G r o u m e - G r i j m a i l o ^ ^  in 1923.
More recently, two factors in particular give considerable 
importance to the use of modelling and flow visualisation 
techniques. One of these is the aerodynamic modelling of the 
gas-turbine engine where component efficiency is vital.
The other factor was the recognition of the economic necessity 
for improving fuel utilization in all kinds of industrial 
processes, such as cement making, steel making, steam raising 
and chemical manufacture.
i
Of the individual factors involved, the influence of
flow phenomena has proved particularly important in most prac-1
tical continuous combustion systems, where the problems of
sustained flame stabilization and rapid gas mixing are pre-
f 3)dominant. Moles et a l . J have investigated the aerodynamics 
of the rotary kiln using air and water modelling techniques. 
Winter and D e t e r d i n g ^  have demonstrated the similarity of 
the hot and cold flow in a gas turbine. Chesters et a l . ^ * ^  
have found that the flow through metallurgical furnaces can 
be simulated adequately by cold flow. Cold flow studies can 
be made by means of scale models more readily than hot studies,
2 .1 M o d e l l i n g .  F u r n a c e s
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because of the absence of fuel factors. They offer an obvious 
advantage in the development of large industrial furnaces, 
where full scale models are expensive to build and awkward 
to handle.
Transport models, in which direct visualisation of iso­
thermal streams is possible, have been used in many of the 
experiments on flow in combustion systems. G r o u m e - G r i j m a i l o ^  
has described work on furnace models with plane glass side
walls, through which the flow of water could be viewed, and 
r 7 jKnorre J has described similar work in connection with the 
development of Russian peat-burning furnaces. More recent 
w o r k ^  has been carried out with perspex models, which allow 
exact three-dimensional reproductions to be made of quite 
intricately shaped components by sample moulding methods. 
Triebnigg^-^ has examined fluid flow in the cylinder of a 
diesel engine. Flow visualisation in the study of combus­
tion system, for example the rotary kiln, might justifiably 
be regarded as direct visualisation. In this technique the 
motion of the fluid is rendered visible by some type of flow 
tracer which can be observed by eye, or recorded p h o t o g r a p h ­
ically, the resulting photograph being studied and i n ter­
preted as manually constructed arrow diagrams. Another method 
of flow observation is to measure the flow by suitable in­
strument and then to map the flow patterns. Both methods 
are applicable, but in general the first one may be termed 
true visualisation; also it has the advantage of permitting 
a rapid and complete study to be made of the flow features 
in rotary kiln cooler systems. However, flow measurement 
techniques provide the greatest accuracy for quantitative analys
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The study of flow under isothermal conditions allows 
some freedom in the choice of fluid used in the model. Air 
is an obvious medium for this type of work, since it is s u b ­
stantially the same fluid as occurs in the actual equipment. 
However, it is not always ideal, and many w o r k e r s ^ * 4 ^  
have found it advantageous to substitute water for air, 
although there are fundamental differences between these 
fluids in the order of their compressibility, thus does not 
envalidate the use of water for simulating air flow in the 
kiln cooler system. The advantage of using water in the 
model has been summarised by Winter and Deterding^4  ^ and are 
listed below:
(1) If a constant Reynolds number is maintained, the use of 
water in a given size of model permits lower flow v e l o ­
cities than with air. This simplifies photographic 
t e c h n i q u e s .
(2) It is possible to introduce solid flow tracers which 
have substantially the same density as water. This 
allows the use of flow tracers of a convenient size 
from an optical point of view, and consequently leads 
to a more rapid and exact appreciation of the motion of 
fluid than when air is used.
(3) When the condition of water is properly maintained, the 
optical clarity through a system in which the surfaces 
are of glass or perspex is always excellent. The self- 
cle’aning action of a water-system is very much superior
2 . 1 . 2  C h o i c e  o f  Wor k i ng  F l u i d s  i n  Ae ro d y n a mi c  S t u d i e s
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to that of an air system, since in the' latter small 
particles of either dust or solids inserted for tracing 
purposes, tend to adhere on the walls of the models 
through the action of moisture, electrostatic forces 
or thermal effects, 
dl'is
The only^advantages of water are the higher pressure 
occurring in a given size of model at a given Reynolds number, 
and the possible inconvenience of leakage in the test e q uip­
ment. B a c o n ^ 0 -^ , however, has expressed the opinion that 
air is better used if quantitative information is required.
2.1.3 Similarity Criteria in Modelling
The success of modelling depends largely on ensuring 
that there is similarity between the processes investigated 
in the model and the prototype. A considerable number of 
published papers and reports have dealt with similarity 
criteria t11 " 19 ).
Geometric similarity is the simplest of model laws.
It implies that every linear dimension of the model bears the 
rate.of 1/La Qr ^ to the corresponding dimension of the 
prototype. Mechanical similarity may be static, kinematic 
or dynamic. Static similarity requires that model and p r o t o ­
type undergo similar elastic or plastic deformation. When 
stress systems are applied, while kinematic similarity in a 
system with flow implies that fluid or solid particles follow 
geometrically similar paths in corresponding intervals of 
time. This means that there is a velocity scale ratio which 
is maintained constant between model and prototype. Dynamic
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similarity requires that the force ratios causing acceleration 
of masses in the corresponding systems are maintained constant. 
S u p i n o ^ 8  ^ has dealt thoroughly with similarity problems.
From his treatment scale down ratio of model to protoype 
can be calculated.
2.1.4 Reynolds Number Consideration in the Models
It is considered in all cases of modelling to maintain
the Reynolds number constant and to scale the velocity
according to the model scale chosen. On the other hand,
when the Reynolds number is sufficiently large it is not
necessary to insist on exact numerical agreement of Reynolds
number, but simply on a large enough value in the model to
ensure that drag is independent of this parameter.
n  2 jYoung and Miller^ 7 have also expressed this view with 
regard to flow in ducting systems. In a cement kiln cooler 
system, the Reynolds number under all practical conditions 
will be in the order of tens of thousands at l e a s t ; 
provided the Reynolds number in the model is maintained 
above approximately 1 0 b , no significant change of flow 
pattern will be observed.
2.1.5 Flow Tracers in Models
Various kinds of tracers have been applied to combustion
flow visualisation, usually through windows of quartz or
other suitable material, or in some cases in equipment at
atmospheric pressure, with open viewing ports. Nicholson 
f 2 1 1and Fields^ J have reported work with baffle-type flame
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stabilisers, in which powdered solids were introduced upstream 
of the baffle for tracing the flow through the hot gases.
Magnesium oxide is another material which has been used 
successfully for tracing the flow of flames and hot gases.
Air bubbles have been found to provide a simple means of in ­
dicating the flow pattern in water systems and they have found 
extensive use in flow visualisation s t u d i e s ^ 2 ’2 ^  . Suitable 
liquid droplets can be used as tracers and can be compared to 
have the same density as water. For example, a mixture of 
carbon tetrachloride and benzene has been proposed  ^ 2 4 -^ for 
this purpose. Other suitable materials might be a mixture of 
dibutyl/phthalite and Kerosene whitened with zinc oxide p o w d e r ^ 2"2 
or a mixture of olive oil and ni t r o b e n z e n e ^ 2^ ^ .
Solid tracers which have been used for flow visualisation 
(27)are aluminium^- J , sawdus t^ iron ore and bakelite. Aluminium 
has been used with some success for studying the flow through 
models of metallurgical furnaces. No essential difference in 
flow pattern could be seen if either aluminium spheres or 
air bubbles were used, but because of its high density,compared 
with water, aluminium powder is not so suitable in more complex 
flow systems, e.g. swirling flows.
For more critical work, attempts have been made to- find 
solid tracers with more suitable properties. Specially weighted 
waxes have been prepared and various plastic materials of 
similar density are available. Spherical pellets of polystyrene 
have been found to be useful tracing material. This material 
is obtainable in almost perfect spheres of various diameters 
between 0.1 to 1 mm; its density is very close to that of water
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and it also has excellent optical properties. An example of 
the use of such tracers is given by W e r l e ^ ^ .
2.1.6 The Illumination of Models
Tracers must be illuminated by a suitable powerful light 
source in order to be studied by direct observation or by 
photography. When using aluminium powders as tracers, flat 
beam techniques have been used. The flat beam technique 
takes the form of a lamp housing containing either a tabular 
light source or a bank of small lamps with a system of slits 
to give a clearly deferred flat beam. Equipment of this type 
has been described by Howes and Philip and a very similar
unit was constructed for the work reported by Winter and 
D e t e r d i n g ^ . The flat beam technique is ideal for water 
modelling because continuous tungsten source permits the 
comfortable observation of the flow in any chosen section 
of the model.
Photography can also be carried out with flat beam lighting 
but for most purposes photography by an electronic flash 
system is more useful. This is because the characteristics 
of an electronic discharge (a rapid rise in energy followed 
by an exponential decay) result in a variation of illumina­
tion along the path of a tracer which indicates its direction 
of motion and also to some extent its velocity. Flash e q u i p ­
ment, capable of a 1 kJ discharge of deviation up to several 
milliseconds, has been developed for this p u r p o s e ^ ^ ^ .
The limitations of the flat beam techniques for indicating 
the direction of flow have been discussed ^ , where
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the possibility of errors in the interpretation of three- 
dimensional flow is particularly demonstrated.
Various types of mercury vapour discharge lamps have 
also been used for photographic purposes. .These have the 
advantage that they provide virtually continuous illumination 
but with a pulse from the alternating supply. The ordinary 
high efficiency mercury vapour lamp is therefore useful for 
both direct observation and photography. Some interesting 
work has been reported^4 -^ where filtered vapour lamps were 
used to project ultra-violet light through models, in order 
to illuminate polystyrene tracers coated with luminescent 
material. Individual tracers could then be photographed by 
means of the light radiated by the luminescent coating,
and the ultra-violet background could be excluded by a filter. 
Long exposures of individual tracers and the light source 
thus automatically provide a time base.
2.1.7 Two-Dimensional Isothermal Studies With Water Model
Simple two-dimensional water models can sometimes be 
applied to the study of flow in three-dimensional equipment 
with reasonable success. Because of the comparative s i mpli­
city and cheapness of two-dimensional models, it is often 
worth considering the method at least in the early stages of 
stu4ying or developing a system. This approach, however, 
is only useful in cases where the principal character of 
the original flow field is essentially two-dimensional, and 
it is of no use in cases of, for example, spiral f l o w ^ ^ .
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The two-dimensional tunnel system has been used widely
(2  9]for the study of sections of aircraft w i n g s v J . It has 
also been used in the initial stages of the development of 
a flame stabilizer .
2.1.8 Three-Dimensional Isothermal Studies With Water
Various distinct techniques have been devised for 
obtaining information from tests with complete t h r e e -dimen­
sional water models of aerodynamic systems such as high- 
intensity combustion chambers . With the flat beam type 
of illumination already described, general flow patterns can 
be studied by means of dispersed tracers circulating with 
the water. Only the tracers which pass into the beam are 
illuminated, so that in a three-dimensional flow field a 
two-dimensional section of the flow pattern can be observed 
without obstruction by the surrounding flow.
Successful visual and photographic observation have been 
achieved by applying flat beam lighting techniques to the 
subject of this dissertation, a three-dimensional model of a 
rotary kiln cooler system. The flat beam method is p a r t i c u ­
larly useful in the study of a three-dimensional model, if 
the flow is non-rotating about the principal axis of the flow 
system. Many flow systems of practical interest approximate 
to this condition, such as some well known aero gas turbine 
combustion systems.
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2.1.9 The Study of Buoyancy Effects, in Water
A principal disadvantage in isothermal flow v i s u a l i s a ­
tion is the simulation of density conditions in combustion 
chambers, and in other equipment where the actual conditions 
are not isothermal.
Attempts have been made to simulate density changes in 
water in some of the simpler cases where convection is im-
(32)portant by the use of dense solutions and slurries. Rosin^ J
simulated the convection effects of combustion in domestic
appliances by an inverted water model, in which coloured
salt blocks were allowed to dissolve. In earlier work on 
f 2)furnaces^ J coloured kerosene was used to effect a density 
difference in water.
In more recent work on furnace models  ^ ,
attempts have been made to simulate the effects of flame 
buoyancy by means of inverted water models, into which a 
jet of magnetite slurry was injected to represent the flame 
jet. This method gave good agreement with theoretical p r e ­
dictions of jet behaviour and appears to have useful p o s s i ­
bilities for the study of convection effects in equipment.
2.1.10 Isothermal Flow Studies With Air
The use of air at approximate room temperature c o n s i ­
derably simplifies the observation of the flow through c o m ­
bustion systems, and permits the use of models in easily 
worked materials, such as wood and plastics.
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Velocity measurements in an air stream are normally 
made by means of pitot-tubes, which give an indication of 
the local velocity head. For determining the character 
of flow, a yaw-tube can be used. In the case of a three- 
dimensional flow field, such as occurs in combustion e q u i p ­
ment, it is necessary to use a tube which will indicate yaw 
in two mutually perpendicular directions, preferably without 
the necessity for tilting the tube in both planes.
A three-dimensional probe based on a sphere with five 
orifices was devised by Van der H e g g e - Z i j n e n a n d  is 
described by P r a n d t l . Pitot traversing has been found 
of special value in large models, particularly of large i n ­
dustrial equipment, where the presence of probes causes less 
relative disturbance to the general flow. A good example 
of this is the work of Lane and M o r r i s o n i n  which 
velocity measurements were made in order to argument the 
methods of flow tracing.
The principal disadvantage of the technique lies in the 
necessity to traverse and to take a large number of indi­
vidual measurements in order to obtain even a broader picture 
of a complete flow pattern. This technique is consequently 
rather tedious and time consuming. To obtain accurate and 
quick results in an air model, Tate used a five-holed
pitot tube linked to a microprocessor controller unit, to 
obtain flow traversing in a vortex chamber along its Y, X 
axis. This seems to be the future trend in pitot traversing 
of air models.
According to existing literature, a bed of loose p a r ­
ticles offers resistance to fluid flow through it. As the 
velocity of flow increases, the drag force exerted on the 
particles increases. The air flowing upwards through the 
bed tends to cause the particles to rearrange themselves 
within the bed to offer less resistance to the air flow.
During the process of increasing the air flow, a stage 
will be reached when the drag forces exerted on the particles 
will be sufficient to support the weight of the particles.
In this state the system begins to "behave like a fluid and 
it will flow under a hydrostatic head. This is the point 
of incipient fluidization. The pressure drop across the bed 
will be equal to the weight of the bed although this pressure 
drop will be slightly exceeded . because of the residual 
packing and interlocking of particles within the bed.
The particle bed, due to uniform particles present, 
will not expand uniformly. The system becomes unstable with 
an increase of air velocity and cavitates. The behaviour is 
similar to bubbles of vapour in boiling liquid. At high air 
flow rates the point is reached where the drag forces are such 
that the particles become entrained within the air stream and 
are carried from the bed.
Smaller particles tend to become entrained at lower 
fluid velocities than larger ones, and the way that bubbles 
burst at the surface of the bed and throw a spray of particles
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2 . 2  F l u i d i z a t i o n
2 . 2 . 1  I n t r o d u c t i o n  t o  F l u i d i z a t i o n  o f  P a r t i c u l a t e  Beds
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into the space above the bed considerably affects the rate 
of loss of particles from the bed.
2.2.2 Pressure-Drop in Fluidized Systems
A complete design of a fluidized bed unit requires 
knowledge of the pressure drop experienced across the bed.
There have been several experimental investigations of this 
aspect carried out by different investigators. They have 
all arrived at the same conclusion, namely that pressure drop 
across a completely fluidized bed is nearly equivalent to the 
weight of the bed and increases with fluidizing fluid velocity.
f 37)Parent et a l . 1 J stated that the pressure loss in a 
fluidized system should be equal to the weight of the solid 
per unit cross-sectional area of the column. Based on a 
balance of forces, Parent gave the relationship for pressure 
drop as
AP = L (1 - e) (Ps - Pg )   (2.1)
(38)Lewis, Gilliland and B a u e r 1 } report and
' conclud. the same result from their experiments.
Johnstone and T o o m e y ^ 9  ^ concluded from their experiments 
that the pressure drops were slightly larger than those e q u i ­
valent to the bed weight.
Wilhelm and Kwau k ^ 4 0 -^ experimented with two glass columns 
having internal diameter of 3 and 6 in. The particle d i a ­
meters varied from 0,0113 to 0.205 in. From their data it 
was evident that pressure drop increased linearly with velo-
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city in the fixed bed region,and in the fluidized bed region 
was essentially equivalent to the weight of the bed.
Only in a few cases was it found that the pressure drop 
at the initial, fluidizing point was less than the weight of 
the bed. However, these deviations were not more than 10% 
and the pressure drop arose in most cases at least slightly 
as the fluidizing fluid velocity was increased.
Lewis, Gilliland and Bauer ,again in their investi­
gation used two lucive tubes of 2.5 and 4.5 in. internal d i a ­
meter and 50 in. in length. From their data it was found 
that considerable derivation in pressure drop from that e q u i ­
valent to the bed weight existed, in some cases pressure drops 
as great as 22% were seen. However, in other cases pressure 
drops less than those equivalent to the bed weight were 
observed. They concluded that pressure drop was essentially 
equal to the weight of the bed, particularly for units with 
small ratios of height to diameter, but was likely to be in 
considerable error for large ratios.
In general, most i n v e s t i g a t o r s (38-40) fo u n ^ that the 
pressure drop increased linearly with velocity in the fixed 
bed region, reached a maximum at the minimum fluidizing 
velocity, then fell off and increased again in the fully 
fluidized region.
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A good indication of fluidization behaviour of a
granular material is obtained from the pressure drop/flow 
relationship of the expanded bed.
2.2.3.1 Ideal Bed
Fig. 2.1 represents such data for solids that display 
ideal fluidization characteristics. Branch a' -$' on the 
log-log plot pertains to fixed bed pressure drop of the bed 
at a voidage e. At g 1 expansion occurs and continuous 
along the horizontal line. Particle motion sets in when the
voidage has slightly surpassed a value of em £* The bed is
then in the quiescently fluidizing state.
2*2.3.2 Channelling Bed
Fig. 2.2 pertains to a system that exhibits channelling. 
This is an abnormality characterised by the establishment of 
flow paths in a bed of solids through which disproportionately 
large amounts of the fluid will pass up the column. Fig. 2.2 
represents the pressure drop flow relationship for the fixed 
bed. The point of initial bed expansion will usually occur 
at a somewhat higher pressure drop than that calculated from 
the weight gradient of the bed. The mode of expansion is 
t generally quite sudden and it appears that a certain, and so 
far unknown, energy quantity is needed to ’unlock* the solid 
particles from each other. Once this has occurred the pressure 
drop will decrease rather suddenly. As flow rates continue 
to increase the pressure drop, it may continue to decrease or
2 . 2 . 3  P r e s s u r e  Drop Flow D ia g r am s
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it may increase, depending on whether the minimum pressure 
at point Y* has been passed. After point y 1 the pressure 
drop always recovers, but in channelling beds the theoretical 
value is never quite reached. The amount by which the 
pressure drop is known, should be an indication of the 
channelling tendencies of the solid.
2.2.3.3 Slugging Bed
Slugging is described as the condition in which bubbles 
of the gas coalesce to a size approaching the order of 
magnitude of the diameter of the confining vessel. The 
particle layers or slugs of granular solids between such 
large gas particles will move upward in a piston-like manner, 
reach a certain height, and then disintegrate. The granular 
matter will then rain through the ascending gas pocket 
either in the form of smaller aggregates or as individual 
p a r t i c l e s .
Slugging has been frequently mentioned in the fluidiza- 
(40-42)tion l i t e r a t u r e x J . Almost all of the various attempts
to describe its intensity are based on oscillations of the 
pressure drop. None has been entirely satisfactory, because 
the oscillations are also dependent on the fluid rate. Thus, 
setting up a scale for slugging intensity has been largely 
a matter of individual judgement.
The pressure drop flow diagram of a solid will reflect 
possible slugging behaviour. Fig. 2.3 shows the solids 
approaching ideal behaviour up to and considerably beyond
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the point of the onset of fluidization. Beyond a certain flow 
range the pressure drop will increase above the value c a lcu­
lated from the weight of the bed. This condition, indicated 
by the point to, may be defined as the onset of s l u g g i n g . As 
the flow rate increases further, the pressure drop rises c o n t i ­
nuously and the bed will slug even more. The evidence is that 
the pressure drop excess over the theoretical value is due to 
friction between the solids slugs and the wall of the vessel.
2.2.4 Minimum Fluidization Velocity
One of the most significant variables in the analysis
and design of all fluid bed processes, and one which needs to
be predicted with confidence, is the minimum fluidization 
velocity. An approximate magnitude of this can be obtained
from any one of a number of published reliable empirical
( 4 3 - 4 5 )  equations '• J .
An excellent review of the better approximation methods 
has been presented in the recent work of Leva*^4 4 ^. Two 
approaches ar.e evident in the analysis of the fluidization 
phenomenon. One of these is concerned with the valid hypothesis
that at the point of initial bed expansion all equations
pertaining to the behaviour of fixed beds apply with equal 
vigour, and that the pressure gradient is balanced by the 
net weight of t h e ‘bed. Leva's analysis, w h ich is c o n ­
sidered to be one of the best, predicted the pressure drop 
equation for laminar flow through a bed of irregular particles.
E r g u n ^ 4 ^  e s t i m a t e d  minimum f l u i d i z i n g  v e l o c i t i e s ,
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relating pressure drops through a packed bed, and his 
correlations have been used in this work for comparison 
with experimental results. He is the only research worker 
to predict minimum velocity values for mixed sized particles.
Miller and L o g w i n u k ^ " ^  correlated another equation,
where
0.00125 d 2 (p - p,) “- v  p - ‘-1 gc 
Umf ’  2----- -----1--------1......    C2.2)
y
The form of this equation is based on a consideration of 
dimensional analysis. The experiments of the density 
product in the Miller and Logwinuk equation have not been 
reported elsewhere.
Van Heerden, Nobel and Van Krevelen^4 ^  used dimensional 
analysis to predict an equation
0.00123 d ^ 2 p-R g (
Jmf
--------  n n r  &c= ----------- E---- ■ g   (2.3)
<t>s U
The main difference between their e q u a t i o n ^ a n d  the
(44)generalised Leva equation^ J is that they assumed the 
maximum bulk density, which in effect is the equivalent 
of the minimum fluid voidage, was independent of particle 
v o i d a g e .
Frantz (4 ^  found that the value of the minimum fluidizing 
velocity was a function of the bed height for beds below 
300 mm  in height. He found that the best correlation was 
obtainable as a function of the particle diameter to the
1. 207 power, compared with the value of 1.8 given by Leva^4 4 -^. 
This can be attributed to the effect of particle size
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distribution on the bed. He worked with comparatively wide 
particle size distributions, when compared to other workers.
His correlated equation is
I - 1 0 7
3. 8 x 10“ 1 1 . d^ (pB - p^)
mf = ------------------E - & .^ .........................   (2.4)y
2.2,5 Bed Voidage
Pressure drops in packed beds are highly sensitive to 
voidage. Martin, McCabb and Monard^-4^  investigated this 
voidage effect by working with beds of relatively large 
spheres through which they passed water. They observed that 
for a particular arrangement of spheres with a voidage of 
0.3, the observed pressure drop for turbulent flow was more 
than twenty times as high as a composed bed of the same 
spheres in cubical arrangement and with voidage of 0.43.
Korolev and S y r o m y a y n i k o n u s e d  an X-ray technique 
to explore the voidage variation in a packed bed of spherical 
p a r t i c l e s .
The packing of static particles has been the subject 
of a monograph by G r a y ^ 8 -^ and he briefly reviews work on 
the increased voidage adjacement to a wall for packed beds.
The form of the packed bed behaviour has been examined 
in detail by Benenati and B r o s i l o w ^ .
Ridgeway and T a r b a c k ^ 9^  looked at voidage effects in 
mixed particles. They found that in mixtures of spheres, 
smaller ones were found to be in between larger ones and 
varied the voidage during fluidization.
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Volume % ol large c o m p o n e n t
F i g .  Z 4  M e a s u r e d  v o id a g e  in f ix e d  b e d s  of  t w o  s izes  of  s p h e r e s  (by  F u r n a s ,  f r o m  Z c n z a n d  
OthmerJ C53'
F i g  2 . 5  M i n i m u m  v o id a g e  in m i x t u r e s  o f  2, 3. a n d  A s izes  o f  so l id s  g iv e n  t h e  v o i d a g e  
in b e d s  o f  o n e  s ize  o f  s o l id  (by  F u r n a s ,  f r o m  Z e n z  a n d  O t h m e r )  (  5 3 )
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Furnas J showed that the voidage for a mixture of 
sizes cannot be estimated reliably. Factors that must be 
considered are their size, shape and size distribution curve. 
Figs. 2. 4 and 2 . 5 • illustrate fines in between the large p a r t i ­
cles decrease the voidage.
Knowledge of minimum fluidization voidage is essential 
for predicting the on set of fluidization. A procedure 
suggested by L e va^4 4  ^ reports that for most solids a close 
approximation can be obtained by substituting the value em £ 
for value e obtained by pouring the solids carefully fromI
one container to another. Values obtained in such a way 
were a few percent higher than those obtained from the actual 
experimental behaviour of the bed. Leva^4 4 -^ obtained minimum 
fluidization voidage by wieghing a 500 c m 3 volume of particles 
obtained under the conditions mentioned above. The value of 
emf was cal cula led according to the relation
W
emf = 1 ........      ^ . 5 )
<1- (Ps - P f)
2.2.6 Particle Sphericity
Particle sphericity may be determined by a method based 
on the procedure reported by B r o w n ^ 94^, whereby the voidage 
of a static poured bed of particles is related to its sphericity 
The plot for dense packing is used for determination of a
f e n
particle sphericity as recommended by Foust et al. J for 
evaluation' of minimum fluidization velocity. Ergun^-4 ^  used 
his derived equation and minimum fluidization velocity to 
find particle sphericity, where
rq 3 j
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<f> =
150 0*5p£ L (1  -  e ) U G - j
V  * ceS AP
(2.6)
Difficulties in determining minimum fluidization voidage 
and particle sphericity resulted in a number of authors, 
including Wen and Y u ^ 56 \  Miller and Logwinuk  ^ , and 
Todes and G o r o s k o v ^ ^ ,  simplifying the equations already 
derived, or developing n e w  relations in which these factors 
would be eliminated. These simplified equations are given 
in Table 2.1.
Table 2.1 Simplified equations derived for determining 
minimum fluidization velocity
Equation Rangeapplicability Author
REmf 33.72 +0.0408
dD p f (Ps" Pf)gc|
0. 50
V
d ( p  - p ) g
U P ---§----- £
1650 y£
A
Remf 1400+ 5.22 Ar0*50
... (2.7) 
... (2.8)
... (2.9)
Volume-Ar = g dff pg (pg - Pg)/d2
0.00125 d 2 (P - p )°** p g 
Gmf --------- R — "  (Z-10)
not limited
Re < 20 
small particles
not limited
not limited
Wen and Yu 
(56)
Wen and Yu 
(56)
T odes (57)
Miller and 
Logwinuk ^  ^
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2.3.1 Introduction
In designing industrial plant for the transfer of heat 
from a gas to a bed of solid particles or vice versa, lack 
of fundamental information has been a handicap. The general 
problem is to relate the heat transfer to:
(1) the shape and dimensions of the bed;
(2) the physical characteristics of the material of particle;
(3) the velocity and temperature of the gas.
The heat has to be transferred in two stages:
(1) conduction to the surface of the particle;
(2) convection from surface to air.
S c h u m a n n (^8) investigated mathematically the simple 
case of an incompressible fluid passing uniformly through 
a bed of perfectly conducting solid particle and plotted 
temperature time curves for heat transfer (Figure 2.6).
(59)Furnas^ 7 carried out two series of experiments.
In the first series he passed heated air through a bed of 
iron balls and attempted to measure the temperature of air 
and balls by suction thermocouple, but so many difficulties 
were encountered that this method was abandoned.
In the second series hot combustion gases were passed u p ­
wards through cylinders fitted in turn with iron ores, coke, 
coal anthracite, limestone, iron balls,crushed brick, slag k 
and a typical blast furnace charge. The sizes of the particles 
ranged from 0.4 to 7.3 cm. The temperature time curve was
2 . 3  H e a t  T r a n s f e r  i n  P a c k e d  Beds o f  S o l i d  P a r t i c l e s
6 5
Figur® 2.6 Computed T*mp«ratur« History of Gas 
Schum ann curves (58)
Table 2.2 Lof and Hawley's experimental heat transfer coef f icient
Computed for 0.394-inch particle diameter. 00 std. cu. ft. per min., iuj. 
air rate. 200° F. entering temperature, and normal voids ]
Heat Transfer 
Coefficient,
B t.u. per hour.
Material ° F.. cubic foot
Iron ores 400 to 1200
Limestone 400
Coke 347
111 net furnace cbargn 260
Coal • 400
Fire brick 634
Iron bulls 003
Lead, glass, steel spheres 1121
Gravel in present study 399
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Figure 2.7 Comparison of Saunders and
Ford's data to Lof and Hawley's'
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obtained and was compared with Schumann’s ^ ^  theoretical 
curves (Fig. 2.6) for different assumed heat transfer 
coefficients. By finding the theoretical curve which most 
nearly resembled in shape the experimental one, a value of 
the heat transfer coefficient was deduced. A criticism of 
Furnas’ experiments is that:
(1 ) the heat capacity of his insulated container was several 
times that of the particles inside;
(2 ) also, owing to the small size of the hole through 
which the gases entered some of the beds, the flow 
was far from uniform;
(3) again, there were not enough particles to the container 
diameter for the effect of the walls upon the packing 
to be disregarded.
In the work of Saunder and F o r d ^ 8 -^ a well designed
apparatus was used for a heat transfer study of perfect
spheres of lead, glass and steel. The problem was approached
from the theory of dimensions, but the complicated equations
were not solved for heat transfer coefficient. The results
were presented rather as a family of curves plotted with gas
t — ttemperature fraction as a function of the termtgo - ^so
U.t c  P
~— -— Aj— ^ in the present terminology (Fig. 2.7) Each curve L s Ps H-L-cj
on the chart represents a different value of the ratio of the 
length of the bed to the diameter of the particles J1 1 
(Fig. 2.7). It is claimed that within certain limits, this 
set of curves should apply to any spherical material and any 
size bed.
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Gamson,  Thodos  and  H o u g e n ^ d  ^ s t u d i e d  t h e  d r y i n g  o f
spherical and cylindrical pellets of various catalyst 
carriers in the constant rate period with through circu­
lation of air. On the assumptions that adiabatic conditions 
prevailed y heat transfer coefficients were computed under 
these steady state conditions. In the turbulent flow region 
above a modified Reynolds number of three times, the coeffi­
cient of heat transfer per unit area was reported to be
proportional to q 59^ xr?rr  * In t^e streamline region,
below modified Reynolds number of 40, the coefficient is
stated to be independent of G and proportional to —  .
dP
A correspondingly large amount of work has been done on 
systems where gases are the heat carriers. The available 
data have been compiled in various places Weber
collected data for gases from various sources and found that 
they were best interpreted by equation:
from a single sphere in an array. They expressed their 
results in terms of an equation based on heat transfer to 
an isolated sphere as follows:
h a
U 0-8 C a 0*2 _______P
rp 0*5
g (2 .1 1 )
Rowe and C l a x t o n ^ 4 '* correlated data on heat transfer
2Nu ( 2 . 1 2 )
1  - ( 1 - e )
wher e  n  i s  g i v e n  by
2 -  3n
3n -  1
4 . 6 5  Re • ~° *28
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This equation was also confirmed for a liquid passing through 
a bed of glass spheres.
Gillespie, Crandall and C a r b e r r y ^ 9 -^ measured heat trans­
fer from internally heated spheres 25 mm diameter in a bed 
0.3 m square and correlated their results in terms of an 
equation:
Nu = C R e b   (2.13
Excluding the top and second layer of spheres they found b' 
to have a value of 0.65, whereas C varied from 0.63 to 0.75 
depending on the position of the sphere, the lowest value 
occurring when the sphere was in the centre and the highest 
when it was closest to the wall.
Handley and Heggs correlated heat transfer by
convection taken from the Ergun^-4^  equation.
f 6 71Tallmadge^ J suggests that the convec’tive heat transfer 
should be related to viscous drag.
Bradshaw et a l . ^ ^  looked at unsteady heat transfer 
between air or nitrogen and aluminium balls, steel balls 
and hematite pellets of varying sizes between -g- and 1 inch 
diameter. They increased the temperature of the solids by 
passing heated air or nitrogen. Their results have been 
correlated in terms of the Chilton Colburn j-factor to g i v e :
q  = 0.495 Re " 0,375   (2 . 14)
f o r  R e y n o l d s  n umbe rs  b e t w e e n  150 -  600.
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Investigations of heat transfer have been carried out 
by both steady and unsteady state methods. In the steady 
state investigations the heat transfer coefficients are 
determined from a knowledge of the amount of heat transferred 
and the temperature difference between the pellets and the 
gas. In the unsteady state measurements the temperature 
history of the pellets and gas is measured and the coeffi­
cients are determined by a comparison of these data with the
(58)theoretical curves developed by Schumann^ . These curves 
were obtained from a solution of the differential equation.
The latter was the procedure adopted in this investigation 
to calculate the heat transfer coefficients of clinker 
particles.
The transfer of heat between a gas stream and a packed 
bed of granular solids is a phenomenon of great importance 
in the manufacture of iron and steel. Attention may be drawn 
to a valuable generalised treatment by Elliott and Humbert 
E l l i o t t ' s d i f f e r e n t i a l  equations are used extensively in 
this work.
2.3.2 Prediction of Heat Transfer in Packed Bed of 
Spherical Particles by Analytical Methods
An analytical solution of packed bed heat transfer offers 
the advantage of giving a more detailed view of the actual 
mechanisms involved. The prediction of radial temperature 
gradients has been developed by G r o s s m a n w h o  starts with 
the fundamental energy balances, and then solves them by 
graphical integration over reasonably small increments. The
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determining temperature gradients. But both their applica-
(73)tions have been for specific sections. Hurt has
advanced such investigations on these same lines in the study
of catalytic reactors using fixed bed catalysts. Works have
been carried out by Arthur and L i n n e t t ^ 4  ^ in an'attempt to
(75)predict temperature gradients. The work of W addams 1 J in­
vestigated particle thermal conductivity very carefully and 
reported it for various metal spheres and calcite granules. 
Schumann has solved balances for flow through a porous
prism which is similar to packed beds.
2.3.3 Measurement of Gas Solid Temperatures in a Packed Bed
Because 'of the large surface areas involved ahd the very 
rapid approach to equilibrium between the gas of low heat 
capacity and a bed of solid particles it is difficult to measure 
the relevant thermal driving force for fluid/particle heat 
transfer. Additional to the general problem of accurate 
temperature measurement there can often be doubt as to what 
a bare thermocouple immersed within the bed will measure.
Bayens and G o o s s e n s ^ d  ^ have verified that a bare thermocouple 
immersed within a well mixed bed was responding to the tem­
perature of the particles and that the gas and particle tem­
peratures were the same.
Others again have based their determinations on the 
outlet gas temperatures from reasonably deep beds and assumed 
that this was a measure of the solids temperature within the 
bulk of the bed. Heertjes et al. found that both of these
(7 2)same g e n e r a l  a p p r o a c h  h a s  b e e n  u s e d  by  H a l l  and  S m i t h x J i n
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gave substantially the same value. They used a suction ther­
mocouple to sample gas temperatures as did Chang and W e n ^ ^ .  
There could be errors in such measurements if samples were 
taken from passing bubbles where the gas temperature may be 
quite different to that of the bulk of solids. There may also
be other gas flow irregularities which would distort the
r 7 9 jindication. Walton et a l . v } used both suction and bare ther­
mocouples and found that the reading of the bare thermocouples 
were either equal or lower than the suction thermocouple 
measurements, and with the fine particles the bare thermo­
couples gave a reading midway between the suction thermocouple 
temperature reading and that of the solid temperature readings. 
Such variations in temperature afford another indication of the 
non uniformity of the gas flow through the continuous phase, 
and Z a b r o d s k y h a s  suggested a mechanism by which some of 
the gas by-passes a section of the bed, to mix in later with 
gas that has already exchanged heat with the particulate phase 
within the section of the bed.
When working with beds of large diameter particles, 
several groups of workers have inserted thermocouples into 
selected particles within the bed. These include Battacharay^a 
and P e i ^ 4^, Bradshaw and Myers , Chang and Wen ^  ^  .
There remain possible problems of temperature .gradients within 
the particle and the disadvantage that insertion of a thermo-
i
couple within a particle must interfere with the free movement 
of adjacent particles.
B a r k e r h a s  discussed the inconsistencies in the 
published work and has developed a microelectric device to
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The device included a radio-active heat source thermistor 
sensing element to measure the temperature gradient through 
the device and a transmitter for relaying the measured tem­
perature difference to a receiver outside the bed.
2.3.4 Measurements of Solid Temperatures on a Moving Grate
D u n n i n g h a m c o n s i d e r e d  the various factors affecting
the-combustion of a fuel bed of coal on a travelling grate.
By passing air through a length of the grate, measurements
of bed resistance and grate temperatures were recorded and
by this they established the ignition plane of the fuel bed. 
f 8 51Wright^ J measured the temperature distribution in the 
combustion chamber and investigated the heat transfer rates 
attainable on these grates.
Pape'et a l . ^ ^  tried to predict the temperature profile 
in a magnetic pellet grate cooler using bare thermocouples em­
bedded in the bed of a pot-grate furnace, and simulated the 
temperature profiles in a real grate cooler. Temperatures 
on the real cooler were also achieved by thermocouples 
embedded in the moving bed.
d e t e r m i n e  t h e  p a r t i c l e / f l u i d  t r a n s f e r  c o e f f i c i e n t  d i r e c t l y .
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2.3.5 The Graphical Determination of the Time Temperature 
Distribution
A number of writers have plotted the theoretical heating/ 
cooling relationship for a sphere in terms of dimensionless 
ratios. Amongst these are Gurney-Lurie ^  ^  , H e i s l e r ^ ^ ,  
Fishenden and Saunders ^ 9^, and Goldschmidt and P a r t r i d g e . 
The earliest worker- to use graphical plots was Schumann 
Till this day his curves have been used by other research 
workers involved with packed beds. As the original curves 
presented by Schumann were limited in their range of practical 
use in most heat transfer calculations, they were thus extended 
by Furnas^59  ^ to greater values.
2.3.6 Correlations of Heat Transfer Coefficients
In steady state investigations, heat transfer coefficients 
are determined from a knowledge of the amount of heat trans­
ferred and the temperature difference between the pellets and 
the gas. In unsteady state measurements, the temperature 
history of the pellets and gas are measured and the coeffi­
cients are determined by comparison of these data with the 
theoretical curves developed by Schumann Brinkley^9^
extended the mathematical treatment to the case in which the 
solid generated heat. By using the concept of the effective 
thermal conductivity Amundson^92 -^ extended the treatment 
further to include almost every conceivable case. The present 
investigation was considered to be one of unsteady state heat 
transfer.
The d e f i n i t i o n  o f  p a r t i c l e  d i a m e t e r  v a r i e s  somewhat
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amongst investigators. Saunders and F o r d ^ 8 -^ used the actual
( 5 9  jdiameter of uniform spheres; Furnasv J used a weighted mean 
based on sieve analysis,and Lof and Hawley used a value
based on the weighted mean volume of the particles.
Saunder and F o r d ^ 8 ^
h = 0.152 
Furnas ^
G kcal / . h m 3 °C (2.15)
h = constant ~W~^ 2   (2.16)L p J  L p J
The constant is a function of the nature of the material, 
fraction voids and average temperature.
(93)Lof and Hawley 
h = 0.79 G 1 a~
p  -
0*7
Btu/hr f t 3 O p (2.17)
Gamson, Thodos and H o u g e n ^ 4  ^ experimented with the 
transfer properties of water vapour from a bed of spheres 
to an air stream passing through the bed and analysed their 
results by j-transfer factor .in the turbulent region.
h = 1.064 Cf G dpG cf yf
_  ^ k£
_ 2A
kcal/hr m 2 °C
(2.18)
(94)Denton et al.'‘J'V suggested that for the flow of 
cooling air through a bed of heated copper spheres, average 
heat transfer coefficient is given by
h = 0 . 7 2  Cf  G (Re) _ 0.3 f o r  P r  = 0 . 7 3 . k c a l / h r  m2 °C
( 2 . 1 9 )
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Ranz (95) c h a r a c t e r i z e d  t h e  h e a t  t r a n s f e r  r a t e  i n  p a c k e d
beds based on the properties of a single particle and the 
configuration in which it lay.
h d
= 2 . 0  + 0 . 6 C f
V 3 — d  G —  
P
1
1
.V//
_
J
_ h £  _
(2 .2 0 )
Kuni and S u z u k i s u g g e s t e d  that this equation 
explained well the experimental data in the turbulent flow 
region, since turbulence of fluid in void spaces may degrade 
effects of adjacent particles, and a boundary layer should 
develop on surfaces of particles in a similar manner to the 
case on un-isolated particles.
2.3.7 Dimensional Anaylsis of Heat Transfer in Packed Beds
An equation may be developed for the cooling of solid 
particles in packed beds with dimensionless numbers, such as 
shown in Table 2.3.
Table 2.3
Euler (Eu) P
'Pf U2'
Grashof (G ) -C x Bi t
Nusselt (Nu) h dp k
Peclet (Pe) U.dp
aD
Prandtl (Pn) JLaD
Reynolds (Re) U dp 
u
Stanton (St) hCp pf U
Graetz fi CD
By virtue of similarity, there are also many relationships 
between these groups. A summary of these are given in Table 
2.4.
Table 2.4
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Pe = Re X Pr
Nu = St X Re x Pr
Nu = St X Pe
In packed bed heat transfer two of these relationships have 
been used.
Nu = Ra Re^ M~ 1 P r ^ 3   (2.21)
St = Ra RepM P r ^ 3 ...... (2.22)
Either one of these relationships will describe heat trans­
fer but the Stanton group contains terms that would give 
better results where the flow was variable. The first and 
most widely known dimensional analysis treatment using these 
groups was done by Boelter et al.^92\  who determined the 
constants of these equations. These two equations can be 
used for any packed bed heat transfer analysis but they 
differ in their handling and definition of different individual 
terms, such as thermal conductivity, film coefficient and 
mass flow rates.
The Nusselt group has been a logical choice for use in 
correlating data since it has been so successfully used for 
empty conducts. For packed beds it is necessary to modify 
this relationship for the treatment of the packing properties.
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The Bureau of M i n e s 100) ^ as used this approach for both
heating and cooling of gases. The original work was done
on low thermal conductivity of spheres with the gas being
heated as it passed through the bed. In order to determine
the heat transfer effects with very large particle tube 
(44)ratios, L e v a x J performed some work on large packings.
The correlation, here was not so exact since a plot of 5^
dpG g
vs -i—  did not give essentially parallel lines experienced
with small packings.
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CHAPTER 3 
THEORY
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As noted in the literature survey (section 2.1), most 
furnace systems involve the turbulent flow of gases, and it 
has been shown that in such systems the equality of Reynolds 
number is not essential to achieve physical model similarity. 
It is sufficient to ensure that all flows within the model 
are turbulent, and that the ratio of momenta in the prototype 
are maintained in the model.
The most significant inconsistency of physical modelling 
of combustion systems is that these models use an isothermal 
flow regime to simulate non-isothermal mixing. Thus, model 
scaling criteria use a density correction to ensure that 
modelling similarity has been defined.
The simplest case that is normally encountered in any 
furnace or flame is that of a "free jet", which is a jet of 
fluid issuing from a nozzle into unlimited stagnant surroun­
dings. The rate of entrainment of stagnant surroundings in­
to the fluid jet characterizes the aerodynamics of the system.
In a cement kiln-cooler system, the hood aerodynamics 
are the controlling factor for the distribution and entrain­
ment of secondary fluid into the flame jet. Several accounts 
( 1 0 1  1 0 2 )are available^ 9 J of entrainment by free turbulent jets 
issuing into stagnant surroundings.
Under certain flow conditions recirculation occurs 
naturally in a confined jet. Recirculation is the reverse 
flow of fluid from a point in the downstream section of a 
jet which is re-entrained by jet nearer the injection source.
3 . 1  Some T h e o r e t i c a l  C o n s i d e r a t i o n s  on I s o t h e r m a l  M o d e l l i n g
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Thring and Newby^48^  developed a theoretical treatment 
of the problem, based on the entrainment laws for a free 
jet. They introduced a parameter, 0 , which may be used 
to determine the point in the downstream jet at which 
recirculation entrainment occurs.
Lo + G,?T*   (3 *1 )G o
a~b defines model or lciln conditions.
tdQ is equivalent nozzle diameter.
d0*The theory is only valid where —   < 0.05.
2La~b
Craya and Curtet^484 -^ have developed a theory to pre­
dict entrainment and recirculation characteristics, which 
does not have any physical geometry limitations. They 
proposed a similarity parameter, m, of the form
k R 2
m = 1.5 R 2 + R + — ...    (3.2)
(ro/L )a~b
for an axisymmetric, three dimensional jet.
Becker et al^489  ^ found that a relationship
0 m 1 = f (e, d^/2L a _ b )   (3 .3 )
exists between the T h r i n g - N e w b y a p p r o a c h  and their
d 1own. If the jet is considered as a point source — — -—  = 0,2La % b
then equation (3.3) becomes
0 = m"2   (3.4)
The value of m ranges from zero to infinity, with recir­
culation occurring at values greater than 1 .5 .
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Becker^ J also developed a rigorous treatment of 
enclosed jets considered at a point source, and has demon­
strated that the aerodynamic vflow pattern is significantly 
different from that of a free jet. Using the concepts of 
dynamic U^ and kinematic, U, , velocities, he developed an 
expression to define a characteristic stream velocity, U ^ .
f 10 5 )
U, =
where
and
U, =
uk -
+ I G.' 0  * i
(3.5)
m.
areb
+ U.
ttpL2 a
It has been shown that this is related to the Craya-Curtet 
(104) parameter, m 
2r* Ud 
2 aL Uk' - 1 (3.6)
and B e c k e r p r e s e n t e d  a similarity parameter termed 
the Curtet number Ct, where
Ct = 1 UkU,An ~o
Since the similarity parameter,m , defines the entrainment 
and mixing characteristics of the jet, it has been used as 
a modelling criterion in the air model work presented later.
(3.7)
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3.2 Theoretical Considerations on the Prediction of
Pressure-Drop Equations of Packed or Fluidized Beds
Voidage - e 
cross-section area-
Cl inker
bed
U e
\
Grate plates— — — =. _  — ,
i* i
U
iMean air velocity
Aix approaches the packed bed at a mean velocity, U.
T h u s , if the bed is of overall voidage, e
U A = Ue A 1   (3.8)
where U is the mean air velocity in the packed bed.
For spherical particles
U =  U
cos 45° e 0.707 e
u e = --------------------    (44)   (3.9)
I t  i s  a s s ume d  t h a t  t h e  a n g l e  o f  a v e r a g e  f l o w  i s  4 5 ° .
83
Considering a differential packed section of height dL 
and following the path of unit mass of air through the bed, 
the differential path length actually travelled becomes:
dLe - — !—    (3.10)
COS 0l.
Assuming that the effective voids in the packed bed are 
independent of bed height, i.e. as &L -*■ L.
Le =  —    (3 -I Dcos 0 i
For an average value of 0 j = 45°
Le = — — .................................................................... ........  (3.12)0.707
3 . 2 . 1  Flow P a t h  o f  A i r
3.2.2 Hydraulic Diameter of Particles (Dh)
4 A '
Dh - -r~............................................. ..... (3.13)
c i
But A' = eA   (3.13a)
and P a = dp 2 tt n A ............................................. (3.13b)
where n = - j~-3- ..... (3.13c)
P 7r
substituting
so D. = t e V -h dp 2 tt n. A 
4 e A
d 2 6 (1  -  e)AP 71 I----d TTP
2 £ dn
Dll = ------2-   (3.14)
3(1 - e)
3 ' 2 *3 Pressure D rop Equation for Equal Size Particle 
Distribution
AP = 3 2  P Le
Sc, Dh 2   (3.15)
Substituting the values of Ue , Le and Dp into equation 
(3.15) we have
AP = C, — L p (4 ~ £ ) 2
b a *P
where values for C
  (3-15'
b
Carmen a 0 ®) ^  = 1 4 4 Qr l g 0
Lewis 0 0 7 )  c , 18Q 
US Bureau Mines 008 )  c. = 200
For packed bed of clinker particles Cb is taken as 200. 
T h u s ,
AP = 200 U L u fl - cl 2
" a p 2 gC £ .(f)s 2
ut as (j)^ 1 .0 , assumed for spherical clinker particles.
^ 3  (f)^    (3.17)
AP = 200 U L u (1 - e)2
d ~ J ~ ~  I   (3.18)p gc e J J
3 , 3 , 4  g + gun's ^ 46;) Pressure Drop Equation for Mixed Particle 
Distribution
On Equation (3.18) basis Ergun^4^  derived a pressure-  
drop equation; his equation is
~~ gc = 150 —4 —  ^  ^ , -i 7 r 1 - e Pg U2
L g  15U ^  1 , 75 ~    (3.19)£ <f)s P e 3 dp
where 1000 < Re <2 0.p
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Equation (3.19) represents two factors, the viscous and the 
kinetic energy losses. At low Reynolds numbers the viscous 
losses are predominant, so Equation (3.19) becomes
—  gc = 150 ( 1 ~ ^  -ff-H.—    (3
L £ d 2s p 
where
d p U
ReP ■ - 7 Is-  < 2 0
At high Reynolds numbers where kinetic energy losses are 
predominant
AP • 1 - fgc = 1.75 1£-gr   (3
L e Ys p
d p U 
where Re = — K— M—  > 1000 
P y
In the intermediate region both terms must be used.
3.3.5 Prediction of Minimum Fluidization Velocity (Um f)
In a Mixed Particle Bed
From Equation (3.19), which is valid for a wide and 
continuous range of Reynolds number covering the laminar 
transition and turbulent regions, at the point of initial 
bed expansion the pressure drop across the bed may be 
equated as follows:
f  = (1 - emf) (Ps - P g )   (2
Substituting this into Equation (3.19)
f 1 5 0  Cl “ em £ ) 2 U • Gmf
^  " emf) Ps “ gc = ------ - ------ '-----------  + ----
g Emf Pg * s l V
.2 0 )
.2 1 )
. 2 2 )
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i ' 75 Gm f2
- JT 1mf g
( 3 . 2 3 )
P
where Gmf = Um£ V
So, by substituting in (3.23) G r is obtained.
'mf
5 - 8 
'"s dp
d p ( P - P ) SC d) £ r 3 p g  ^ s g 6 s m f
’mf 1.75
= 0
(3.24)
Extracting the real root of equation (3.24)
42.9 (1 - c ,+ u 
q  _     m f
mf <(. a
(kg/m2 sec) P
dmf ^g where Re = -----— — 2.
r 0.0056 e r3cj) 3 i . mf Ns Re_ - 1 . . (3.25)
Equation (3.25) can directly predict the magnitude of minimum 
fluidization velocity, provided the value of minimum fluidiza­
tion voidage and particle shape factor are known. Due to 
Re^ factor containing a Um £ value on the right hand side, 
this equation was not used in the calculation. At minimum 
fluidization conditions, E r g u n ^ ^  from his pressure drop 
equation (3.19) derived a minimum fluidization velocity 
relationship
Umf
4 2 d 2 ys p ( Ps " Pg) gc
150
mf
1 - e
(3.26)
mf
for Re < 20 P
Umf
4 c d P.
_ 1.75
PS - Pg E f3g ( 3 . 2 7 )
for Re > 1000 P
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But  E r g un  d i d  n o t  d e r i v e  a c o r r e l a t i o n  f o r
1000 < Re < 2 0  P
Wen and Yu^109  ^ derived an expression for this region 
of Re from Ergun*s^4^^ pressure drop equation as follows:P
E l i  dP u 2  ■ 1 5 0  (1 - en,d u 
v * s  emf3 mf V Emf3 mf
d 2 (P - P rr)gc
£    ^ --- = 0    (3.28)P
This is in the form of
A Um £ 2 + B Um£ + C = 0   t3-29)
where
. - X - 7 S  +  p*
P ^s em f 3
1 5 0  Cl- emf)
<Ps2 . emf3
B =
So ,
- B i /Br - 4AC
Um£ = .....................   (3.30)
1 2A
as Um£ is not negative.
- B + /B2- 4AC
Umf “ ...............................    (3.31)mt 2A
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3.3 Theoretical Considerations on Calculation of Heat 
Transfer Coefficients
S c h u m a n n m a d e  the first attempt to formulate and 
solve the complicated theoretical heat transfer rate 
equations for the simple case of an incompressible fluid 
passing uniformly through a bed of solid particles with 
perfect conductivity. In his analysis he assumed that:
(a) the particles were so small or had such a high thermal 
diffusivity that any given temperature could be con­
sidered as being at a uniform temperature at any given 
instant;
(b) the resistance to transfer of heat by conduction in 
the fluid itself or in the solid itself was negligible
(c) the rate of heat transfer from fluid to solid at any 
point was proportional to the average difference in 
temperature between fluid and solid at that point;
(d) change in volume of the fluid and solid due to change 
in temperature was negligible;
(e) the thermal constants were independent of temperature.
Based on these assumptions Schumann^ ^  derived two equa­
tions relating the solid and fluid temperatures to the 
heat transfer coefficient, the physical properties of the 
solid material and the bed, the time, and the position in 
the bed.
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t - ts so
t “ t go so
= 1 - e-Y-Z I
n=0
Yn M r  (YZ)
= e"Y “Z l Zn (YZ)
n=l
( 3 . 3 2 )
- S-7 . s_° = 1 - e-Y_Z I Yn M  (YZ)
' g o  -  ' s o  n=1° OO
= e I Zn M (YZ)
n =0 n
where (YZ) =
r  d M q (YZ) -,n
d (YZ)
M q (YZ) = J o /YZ
(3.33)
1 + YZ + iY__Z ) 2 + (YZ )
2 ! + .3! (3.34)
Substituting in Equation (3.33) 
So Ig ' tso = e-Y-Z ” "n
iH
t - tgo SO
I zn =0
-i  + y z + 1 B 1 1  + C T O 3
2: 1
d (YZ) n
(3.35)
Figure 3.1 represents the curves plotted by Schumann, 
using Equation (3.35).
t - tg so
t - t go so
was plotted against Z.
The derivation of Equation (3.35) from first principles is 
given in section 3.7.
— --- g—  uotqoejj aanQBaaduiaj.
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It may be assumed that the flow of heat within a mass 
of granular material may occur by six distinct processes.
(1) Conduction within the solid, from one particle to the 
other.
(2) Conduction in the fluid by virtue of a temperature 
gradient.
(3) Heat interchange between the phases, which is the result 
of a temperature gradient between the fluid and solid.
(4) Flow of fluid across an established temperature gradient
(5) Flow of solid across an established temperature gradient
(6) Radiation between the solid particles across the voids.
These six mechanisms cover all of the possibilities regard­
less of the system. The conduction effects occur:
(1 ) in the fluid;
(2 ) within the particle;
(3) between the particles.
For the first two cases (fluid, solid) the thermal conducti­
vities are usually low, while in the third only point con­
tact or a reasonable fascimile is ever attained, and area 
through which heat might flow is thus small.
The radiation effects depend on the absolute tempera­
ture, the temperature gradient, the particle size and the
3 . 4  Mechan i sms  o f  H e a t  T r a n s f e r  I n  a  P a c k e d  Bed o f
S p h e r i c a l  P a r t i c l e s
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emissivity, but in most cases the net effect is small.
Convection accounts for the major proportion of the 
heat flow, particularly in the turbulent flow region. As 
the fluid passes through the bed violent eddy currents are 
set up, which give forced convection of large magnitude.
In addition, artificially high velocities are induced as the 
fluid is forced through the voids, which reduces the film 
thickness and increases the coefficient. The primary means 
of traverse is traceable by two mechanisms:
(1) Although the main flow is axial, there is some degree 
of cross flow between the main channels, this depending 
primarily on the shape and the size of the particles.
(2) The fluid is heated on the hot side of the channel and, 
by means of conduction and convection, transfers it to 
the colder side of the bed. This heat is then trans­
ferred through the particle to the relatively stagnant 
fluid in the next channel.
3.5 Detailed Review of Heat Transfer of a Bed of Granular
Solids which is Traversed by a Gas Stream
In spite of the fact that a granular bed consists of 
discrete particles, it is customary to treat the system in 
terms of a differential volume element of cross section with 
a thickness}dL and to consider the temperature of the gas5Tg 
(L, 0Q ) and of the solid, T s (L, 9 ) as continuous functions 
of position and time, to obtain a tractable mathematical 
analysis. Also for simplicity it is assumed that the gas
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flows only in the L direction in the' bed, that the isotherms 
in the gas and solid are normal to the direction of flow.
The primary terms in an energy balance on the gas phase 
passing through the differential control volume are:
UG,b
r 9T arrO
I 9L J + Gb
[ 3Tgl
39o J +
ha (Tg - T s ) = 0
bulk convection + accumulation +
in gas
convective 
exchange 
from solid
= 0
An equivalent equation for the solid is
vsb
r 3Ts
1 9L J + sb
r 3V
l 3V
+ ha (T - T )s g^ = 0
(3.36)
(3.37)
bulk convection + accumulation + convective 
in solid exchange 
to gas
= 0
The thermal capacity of a phase is the product of the 
mean specific heat of the phase and its bulk density, i.e.
Gb = e pg cg
Sb - Ps C s (1 - ^
(3.38)
(3.39)
Accordingly its ability to transport heat is the product 
of this capacity'and the velocity of the phase relative 
to some coordinate system which is usually fixed in space, 
UG^and VS^ for gas and solid respectively. For convenience, 
the superficial velocity of the gas is often used in packed 
beds, rather than the average velocity in the voids of the 
b e d .
Measuring conduction of gas and solid in a packed bed 
is difficult. Difficulties arise because the cross-sections
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for conduction are highly variable in the solid, as a result 
of particles having different thermal conductivities and 
being in contact with each other only at points. If con­
duction is not assumed negligible, the factors below should 
be added to the heat balances.
Gas phase
9 L
__ r <5T i —
_ v gA& L '
( 3 . 4 0 )
Solid phase
9 — r 3 T _
— K ( 1 - e) s
9 L o ( 9 L  J _
If the gases are in the turbulent region there is a 
possibility of some eddy convection due to forward and 
backward mixing of gases; but if the gases are in the 
laminar region piston flow of gas is assumed here, so 
the effect of eddy diffusion is negligible.
(3.41)
The convective heat exchange in the system considered 
is relatively large; so large in fact that frequently it 
is reasonable to assume the product of heat transfer coeffi­
cient and specific surface (ha) of the bed to be infinite, 
so that the temperatures of the gas and solids are the same
at any given point in space and time, T (L ,0 ) - T (L, 0 ) .g o  s o
The specific area of beds of essentially spherical particles 
is — --4 i— —  , but there is always the question as toQp
whether the heat exchange occurs on all of the surfaces in 
the bed. The convective heat transfer coefficient is defined by
1h =
a ( T 0 - T , )
( 3 . 4 2 )
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The coefficient has been correlated with the general relation­
ship
St » R Re M Pr " 2/3   (2.4 3)a p
The heat transfer coefficient is a complex function of 
conditions in the bed. The mass flow rate and the particle 
Reynolds number can be expected to change in the system. 
However, the heat transfer coefficient can usually be assumed 
constant. The distortion arising can be minimised by taking 
short intervals of temperature in the bed and using the 
appropriate conditions for estimating the required physical 
properties.
3 .6  Convective Heat Transfer in a Packed Bed
When air flows through a packed bed in the L direction 
of considerable length, the temperatures of bed and air at 
each position in time and space are equal.
L, 9^ = T CD 
1
 
J
’ 0 s o
If the heat transfer coefficient is very large it is 
assumed to be infinite. At this condition, thermal con­
ductivity in the L direction in the air and bed is insig­
nificant. The thermal conductivity of the particles is very 
large and if there are no radiation effects, the thermal 
flow, UGp,of the gas and thermal capacity, , of the bed 
are independent of temperature and position.
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E q u a t i o n s  ( 3 . 3 6 )  and-  ( 3 . 3 7 )  r e d u c e  t o
But
UG,
9T
90
9T
9L
90
9T
+ G,
9T
96 + ha (Tg " V  = 0
90
+ ha (Tg - T s) = 0
and T = T g s
(3.45)
(3.46)
Thus, Equations (3.45) (3.46) combine to fo rm
UG,
9T
9L Gb + sb
9T
90
= 0
It has to be noted that initial conditions are
= T, = f(L),
(3.47)
= 0 , and air is propagated undis*-
t'orted through the bed at a velocity of UGbSb with boundary
conditions of Tg = T gQ at L = 0 for all time. But in 
this system under study, the solid temperature is not equal 
to the air temperature, so these equations do not apply.
In the case where at any point in time and space the 
temperatures of the air and clinker are no longer equal 
then ha is finite. The differential equations for these 
systems are:
9T __g
9Y
9T s
9 Z
- ( W
U g - T s)
wher e
Y =
ha L
UG,
ha
(3.48)
(3.49)
(3.50)
(3.51)
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The b o u n d a r y  c o n d i t i o n s  a r e
T = T 0 < L < 00 6^ = 0s so 0
T = T at L = 0g go
T = T at L = <» for 0 > 0s so 0
By applying Laplace transforms, including Bessel function, 
to the two differential equations,
and
T - Tg go
T - Tso go
T - Tg so
T - T go so
= e-Y e“Z J (2 /Z7 ) dZ 
0 v '   (3.52)
= 1 - e-Z e Y JQ (2 /ZY 0 dY (3.53)
The derivation of these equations are given in Section (3.7).
3.7 Derivation from First Principles of the Theoretical 
Heat Transfer Equation for a Clinker Bed
Outlet gas properties - U T^
Granular solid 
bed
(clinker bed)
Grate
&
<l_L
1
Inlet gas properties - U G, Tb go
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It will be assumed that a, Sp,h,Gp and U are constant, 
and conduction between solids will be neglected.
A heat balance on the gas phase contained in an element 
of unit cross section and of height dL is
Rate of heat input = UGp Tg
Rate of heat output = UGp 9TgT  +   o  A  Tg 3 Z aL + ha dL (Tg - T s)
Rate of accumulation = (Gp dL T^)
The gas-phase heat balance is
3T 3T
-UGh — £ - ha (T - T ) = G — £ 
3L g b Jb 36 o
The solid-phase heat balance is
3T
ha (T. - T J  = Stg 36
The transformation variables, Y and Z, are defined as 
ha LY = UG|
ha
Sb
-  L
0 U _ 
For boundary conditions
0 < L < 00 0Q = O
T„ = T„„ at L = 00 for 0 > 0o
The new differential equations are
T = Ts so
T = Tg g°
s so
(3.54)
(3.55)
(3.56)
(3.57)
3T -1
3 Y -• Z
T - T ( 3 . 5 8 )
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-  9T
9 Z T,+ " Tcg s ( 3 . 5 9 )
The transformation variable Y is simply the column height 
measured in terms of the number of transfer units. The
quantity U is the time required to displace the gas
held up in a column of height L. Consequently 
is the time during which an element of bed of height L has 
been contacted by gas other than that originally present in 
the column. Carrying out Laplace transformation on (3.58,3.59)
dTrr
dY
= T - T
and (3.59) becomes
(3.60)
Pb T s - Tso ■ Tg - Ts
T = Ts s
T = s
,-PbZ T s (NZ) dZ
(3.61) 
(3.61a)
(3.62)
From Equation (3.61) solving for T
T. Tg + Tso 
Pb + 1
Substituting (3.63) into (3.60)
(3.63)
V 1
T - so (3.64)
Integrating (3.64) gives 
T
T = so * Ab e Pb + 1 Y ( 3 . 6 5 )
whe re  i s  a c o n s t a n t .
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The integration constant A b in Equation (3.65) is evaluated 
by transformation of the boundary condition,.
At oiifa Tg = T  ^go all 9o
At ii o T g = Tgo all Z
So II o Tg
_ Tgo
Pb all Z
Hence A, _ Tgo - Tso
and
Since
+ _ Tso Tgo “ Tso
Tg - T V  + — T V —
P + l
Pb
Pb + 1
1  - Pb + 1
so (3.67) can be written as
g
T - Tso , go SO -Y Ye P+l
b rb
The direct inversion of Equation (3.69) is difficult 
However, combining (3.69) and (3.63)
T.
T = so
T - T go so -Y —  ----- e
Ye Ffrrr 
Pb + 1xb rb
The inverse transform relation from tables is
V
X
X
e IT
“ Jo C2i / X V
Using this in Equation (3.70) then gives 
1
“ 1  ft Y
r ”  pF Y T  
pb + 1 = e “Y Jq [ 2i /ZY ]
The inverse transform of (3.70) is then obtained by 
convolution as
(3
(3
(3
(3
(3
(3
(3
.6 6 )
.67)
,6 8 )
.69)
. 70) 
.71) 
.72)
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T - T s so
T - Tgo so
-Z fY -Y; e 1 -J (2i /ZY) dY 
J n (3
Combination of Equations (3,58), (3.59) and (3.73) gives
ry+73
— 11 “ ~ = ( T s o ' T g o 3 e Jo (2i ^ (39Y 8Z
T = (T - T ) e g 1 so goJ
•Y ,Ze~Z J Q (2i /ZY) dZ + f(0) ... (3
The arbitrary function f(0) appearing in Equation (3.75) is 
evaluated by means of boundary conditions below.
so
At L = 0 T = T all 0g go o
At Y = 0 T = T all Zg go
T - T g so
T - T go so
= e •Y -Z JQ (2i /YZ) dZ (3
T - Tg so
T - Tgo so
-Y-Z JQ (2i YZ) dZ (3
3 .8 Prediction of Heat Transfer Rates Within a Packed Bed
Saunders and F o r d ^ ^  showed that the following dimen- 
sionless relationship holds for the transfer of heat to and 
from a gas through a bed of solid particles.
T - T g so
T T go" so
= f
U Cg
ha
U d C P g
K
U t Cg
d C p s
(3
This may be simplified by using the relationship
ha d
= C
_ U  d _ n
K
(3
73)
74)
75)
.76)
.77)
.78)
. 7 9 )
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where C and n are constants, and n usually lies between 0 
and 1.0 this (Ref. 60)’). •
U C
X  - f
ha
C U
r U d r  C u -iP g
L u - - K
( 3 . 8 0 )
prSince — |—  is known to be constant for any gas,
g
U C£r U do— — may be replaced in Equation (3.78) by --- 2- .ha y
Further, if n is assumed to have a value of unity, then 
Equation (3.78) can be rewritten
T - T g so
T - T go so
= f
r— U d C U t C re P g ,  gK d C P s
(3.81)
As conductivity between the particles is ignored, 
Equation (3.81) becomes
T -  Tso r- U T C
T - T go so
= f
- d C P s
(3.82)
To ensure geometric similarity between hot model and 
size grate cooler the con 
be constant, hence we can say:
full ditions D/d^ and L/d^ must
T - T__g____ g°_
T - T go so
— U T Cg L
P
_D_
dp _j (3.83)
But for beds where D is large in comparison to the the 
ratio D/ck^ > can be ignored, which holds true for hot model 
studies and the real cooler.
So
T - T — U t C
— g = f _____ 1
T - T -  d Cgo so p s
( 3 . 8 4 )
P
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With Equation (3.84) in this form it is not possible to 
relate the heat liberated by bed up to a corresponding time,
because the relationship between particle and gas temperature
is unknown, except at the beginning and end of cooling; hence
the dimensionless relationship (3.85) is introduced.
U t C
L Cs (l-e)
We thus have
—  U t C -1
= f
d C P s
(3.85)
T - T_g SB = f
T - T go so
- U t Cg
L L Cs (l-8 )
L -i (3.86)
P - 1
As the heat capacities are in units of kcal/kg °C a density 
factor had to be added.
So
T - T_§ go = f
T go ” Tso
-  A
Ps Cs tl-e)L ’ dP J
  (3.87)
In similar fashion,
T - T g£ =
T - T go so
U T C P
cr cr
P - 1
(3.88)
Either Equation (3.87) or (3.88) can be used as dimensional 
curves.
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CHAPTER 4 
DESCRIPTION OF APPARATUS
AND EXPERIMENTAL TECHNIQUES
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4.1 Water Model Design and Operation
Water modelling studies were carried out using a l/24th 
geometric scale of Blue Circle's Northfleet kiln Fuller 
Combi cooler system (Plate 4.1). Fig. 4.1 shows the general 
flow arrangement of the model.
4.1.1 Water Model Construction
The model was constructed from 25-4 mm thick clear 
perspex. A watertight perspex box was constructed to en­
close the kiln tube and hood. This was lined on the base 
and back with specially treated black perspex, to give a 
non-reflective background for photography. The model tube 
was enclosed in this water filled box to eliminate the 
distortion effect of the curvature of the tube. The similar 
effect of the cooler roof was eliminated by glueing two 
strips of perspex sheets on the sides, so that water could 
be contained by these sheets. Two header tanks supplied 
both primary and secondary fluid to the model. These were 
mounted above the end of the model tube kiln on a frame 
work, giving a pressure head of 3.2 m at the pumps. These 
tanks are joined by common 101 mm and 51 mm manifolds, and 
have a total water capacity of 1341 litres. Figure 4.1 
shows the pipe-worlc from the tanks to the model. All pipe 
work and pipe fittings on the rig are of PVC, with threaded 
or glued joints.
Water circulation in the model was achieved by two 
Worthington Simpson type Dm centrifugal pumps. The primary
NO
RT
HF
LE
ET
 
WA
TE
R 
MOD
EL
 
FLO
W 
SH
EE
T
V%
ri
gu
re
 
4.
1 
Pi
pe
wo
rk
 
di
ag
ra
m 
of 
No
rt
hf
le
et
 
mo
de
l 
wa
te
r 
ci
rc
ul
at
io
n 
sy
st
em

108
flow to the model is by way of a 50 mm manifold through a 
2 D .m 12/39A 5HP pump developing 454 litres/m against a 27 m 
head. The secondary flow to the model is by way of a 100 mm 
manifold through a 4 Dm 4/35 5 HP pump developing 1363 litres/m 
against a 9.0 m head. A similar pump was used to provide 
suction from the back end of the cooler, so that continuous 
flow is established. All three pumps are fitted with a re­
cycle so that a large turndown may be achieved during operation. 
All flow rates to and from the model section are monitored 
by rotameters, and are controlled by PVC angle-seat valves.
4.1.2 Water Model Operation
From the Fuller cooler flow data given in Ref. 110, 
similarity criteria were obtained in the model by scaling 
down flows.
4.1.3 Flow Visualization in the Water Model
Flow tracing was achieved using pre-expanded polystyrene 
beads, having a specific gravity in the range of 0.95-1.05. 
These beads are naturally opaque and will act as diffusers 
if subjected to a strong collimated light source. The 
cooler model was illuminated from above by one 600 watt 
quartz halogen light through an 8 cm wide slot placed cen­
trally along the model axis.
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4.1.4 Still Photography
High speed static photography using a Pentax SP 1000 
camera was used to record the path of beads in the model.
The still photographs were translated into arrow flow dia­
grams. These show only flow direction and net velocity.
(Figures 5.1 to 5.6).
4.1.5 Water Model Operating Conditions
From data supplied by Northfleet Works for one of the 
kilns, measured in November 1972 (Ref. 110) the following 
calculation of standard conditions has been made.
Production rate = 80 t.p.h.
Primary air % = 23.0
Assumption 25% STD coal on clinker and 5% excess air.
i n i rAir requirement for fuel = — j[QQQ-n + 0.55 N m 3/kg ..... (4.1)
Calorific value of coal (C ) =. 6524 kcal/kg 
S o ,
Air requirement 
for fuel
1.01 x 6524 . n r r l  80 rx n r  *t 3/ *+ 0.55 x ta x 1000 x 0.25 Nm /mu1 0 0 0  j - 6Q
= 2380 N m 3/min   (4.1a.
Total air flow to kiln = air requirement + 5% excess air
for fuel 
= 2500 N m 3/min.
Primary air rate = 2380 x 0.23
= 549 Nm 3 /min.
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T a b l e  4 . 1  N o r t h f l e e t  C o o l e r  a i r  f l o w - d a t a  ( ^10)
Chamber No. N m 3/min * % Total flow
1 275 6.75
2 550 13. 50
3 550 13.50
4 1 1 0 0 2 7.00
5 850 20.85
6 750 18.40
TOTAL 4075 1 0 0 .0 0
Cooler exhaust gases flowrate = 4075 - 2500 N m 3/min..
= 1575 N m 3/min.
Coal mill total air = 547 N m 3/min.
Table 4.2 Scaled water model flow rates
Chamber No. Nm 3/min. % Total flow
1 27.68 6.75
2 55.35 13.50
3 55.35 13. 50
4 110.70 2 7.00
5 85.49 20. 85
6 75.44 18.40
Exhaust ducts 158.67 38.42
Coal mill air 
ducts
55 .04 13.42
In order that turbulence is maintained in the section, a 
total secondary flow rate of 410 1/min. was maintained 
(see Appendix A3).
I l l
4.2 Air Model Design and Operation
4.2.1 Tube Construction
The geometry of the model system was based on the No. 2 
kiln of the Rugby Portland Cement Company's Works at South 
Ferriby. The model was scaled down to l/2 4 th scale. Plate
4.2 shows the general arrangement of the model.
The constant diameter model tube was constructed from the 
PVC tube of internal diameter 152 mm. The tube was provided 
with traversing holes at 25. 4 mm intervals along a straight 
line parallel to the axis in both the vertical and horizon­
tal planes. These traversing points were of suitable dia­
meter, 6.4 mm, to permit access to the inside of the tube by 
a pitot tube. A traversing and measuring mechanism was fitted 
onto the pitot tube.
4.2.2 Hood and Cooler Construction
The firing hood was connected to the PVC tube by a brass 
ring. The hood was made of perspex. The cooler model was 
fabricated from perspex using drawings supplied by South 
Ferriby Works.
Air flows were provided by compressed air and centri­
fugal fans as follows;
Primary air : compressed air (50 psig; 50 cfm max.)
S e c o n d a r y  a i r  : c e n t r i f u g a l  f a n .
112
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4.2.3 Flow Measurements to Cooler
Primary and secondary air flows were measured by orifice 
plates. Each individual chamber flow was measured by variable 
area meters (rotameters).
Flow straighteners were used where required in order to 
provide the model with uniform inlet conditions for each test.
A flow diagram for the model is shown in Figure 4.2.
4.2.4 Flow Measurements in Kiln Tube
All velocity readings in the air model were measured 
with an NPL modified, ellipsoidal nosed pitot-static tube 
coupled to a micro-manometer (Appendix C.l). The micro­
manometer is based on a differential pressure transducer.
Its range varies from 0.0005 mm V7g to 1000 mm Wg. It is 
also provided with a fast/slow switch to dampen the normal 
response of 50 Hz to 3 seconds, so that it allows turbulent 
flows to be measured as steady readings. It is also fitted 
with an equalising value for the purpose of checking zero 
without disconnecting the pressure lines.
4.2.5 Air Model Operating Conditions
Table 4.3 gives the standard operating conditions which 
were used to provide model simulation conditions. From the 
data in Table 4.3 the operating conditions for modelling 
were calculated using the Craya-Curtet parameter (Appendix A 5 ) , 
m, as a model scaling factor. Table 4.4 gives the model 
operating conditions.
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T a b l e  4 . 3  S o u t h  F e r r i b y  No.  2 k i l n  o p e r a t i o n a l  d a t a ^ 4 4 4 ^
Kiln diameter inside brickwork 3.46 m
Firing nozzle diameter 0.152 m
Nozzle protrusion relative to nose ring -0.72 m
Coal mass flow 1.4 kg/s
Primary air flow 1.726 kg/s
Primary air temperature, 32°C
Primary air percentage of stoichiometric 13%
Secondary air flow 10.77 kg/s
Secondary air temperature 7 00°C
Table 4.4 Scaled down model operational data
Primary air velocity (kiln) 82.2 m/s
Secondary air velocity (kiln) 3.16 m/s
Craya-Curtet parameter (kiln & model) 1.142
Primary air velocity (model) 18.1 m/s
Secondary air velocity (model) 0 . 6 8 m/s
The original perspex model of the recupol cooler, 
which faithfully simulated the above grate geometry was 
further modified to include the seven undergrate chambers. 
Works drawings of the recupol cooler were used to geo­
metrically rbduce the chambers to the one twenty fourth 
model scale as shown in Plate 4,3.
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The first undergrate chamber was supplied by air from a 
Martindale fan (Fig. 4.3). This was done as the original 
centrifugal fan could not supply the amount of air needed 
to the first chamber, with supplying the rest of the six 
chambers.
To obtain variable flow rates to each of the six chambers, 
the air flow was ducted into a plenum chamber with six out­
lets each of 25 mm diameter. These were connected to the 
cooler inlets by flexible tubes. Each flexible tube from 
each of the six chambers was connected to a 200 1 /m rota­
meter in turn to set up the flow to each of the six chambers.
A 2000 1/m rotameter was used to monitor the flow to the 
first undergrate chamber. Table 4.5 gives the air flows 
used in each chamber.
Kiln secondary air flow rate = 1998 N m 3/min
Model secondary air flow rate = 44.41 N m 3/min
Table 4.5 Air model cooler chamber air flows
Chamber Air flow rate N m 3/min
1 27.80
2 5.99
3 5.06
4 4.04
5 1.47
6 0.00
7 0.00
117
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To confirm the results obtained from the air model work, 
cold plant trials were carried out on South Ferriby Works 
No. 2 kiln (Ref. 112) (Plate 4.4).
The kiln was operated in the same manner as the scale 
laboratory air model. Cold air was passed in to simulate 
the primary jet/flame system, and a 'cold secondary air 
stream was provided by fans attached to the Recupol cooler.
To obtain model similarity the induced draft and cooler air 
fans were operated at maximum and the primary air increased 
accordingly.
Primary air velocity = 17.0 m/sec.
The point velocities necessary to construct individual 
velocity properties were obtained by mounting six pitot 
tubes placed across the internal kiln section at measured 
distances from the nose ring (Figures 4.5, 4.6). The probes 
were aligned and clamped in position on a telescopic stand 
securely set in the kiln. The pressure tapping connections 
were run through the right-hand sight hole in the kiln hood 
to a manifold micro-manometer. After the fans were started 
up, a suitable period of settling down was allowed to elapse 
before velocity readings were taken. Each set of readings 
was repeated until they were reproducible. Vertical and 
horizontal traverses were obtained by rotating the probe 
through 90°. Plate 4.5 shows the probe unit being installed.
4 . 3  Co l d  A e r o d y n a m i c  P l a n t  T r i a l
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F i g u r e  4 . 4  P o s i t i o n  o f  b u r n e r  nozz le -  i n  S o u t h  F e r r i b y  No. 2 k i l n
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F i g u r e  4 . 6  P i t o t  p r o b e  a s s e m b l y  i n  v e r t i c a l  k i l n  p o s i t i o n
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4 . 4  D e s i g n  and O p e r a t i o n  o f  Co l d  Model
4.4.1 Design and Construction
A grate model was built to study the fluidisation proper­
ties of cement clinker (Ref. 113). As illustrated in Plate
4.6 the bed is rectangular with a 45° conical bottom. Four 
cooler grate plates obtained from South Ferriby Works No. 2 
Recupol cooler, identical to the one shown on Plate 4.7 were 
fixed together in the same fashion as in the prototype.
Plate 4.8 shows the grate plate layout in the steel frame.
The conical bottom was connected to a high pressure centri­
fugal fan with an orifice plate to measure the air flow from 
it (Plate 4.9). A perspex frame was fixed on top of the 
steel frame (Plate 4.6) to observe the bed during fluidisation 
studies. The perspex, steel and conical bottom were supported 
by two steel legs fixed to the ground. Fig. 4.7 shows dia­
grammatical ly the whole test rig.
Sixteen holes were drilled on one face of the metal 
frame (Plate 4.13) to measure the pressure drop in the bed. 
Each hole had an elongated cylindrical stainless steel ex­
tension fixed to it to support the probes. Each probe was 
13 cm long and was connected to a U-tube containing liquid 
of specific gravity 1.28. The pressure differences in the 
bed were measured by this U-tube. During the experimental 
measurements pressure difference was obtained from one probe 
below the grate and another one at the top of the clinker 
b e d .
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Perspex frame size = 0.84 x 0.335 m
Grate plate size » 0.234 x 0.338 m
Orifice plate diameter = 0.127 m
4.4.2 Cold Model Operation
To observe the effect of the grate on air flow rates, 
experiments.were carried out to obtain pressure drops over 
the unladen grate. High pressure drop was observed at the 
centre of the grate (Fig. 4.8). The reason for this was that 
air was entering the grate in such a way that most of the 
flow was distributed to the centre. Modifications were made 
to distribute the air flow evenly over the grate by the 
addition of an air box (Fig. 4.9) to the conical bottom.
The air box acted as a plenum chamber redirecting the hori­
zontal high velocity flow into an evenly distributed upward 
vertical flow through the grate.
Three different heights of bed material were chosen 
for the measurement of pressure drops at different air flow 
rates. To obtain representative results, the pressure 
drops were measured across the bed on a grid system as shown 
in Figure 4.10 (4 x 4) vertical positions and (13 x 4) 
horizontal positions were surveyed. The material bed heights 
chosen for pressure drop studies were 0.12, 0.16 and 0.25 m.
D e s i g n  d a t a
S t e e l  f r a m e  s i z e  = 0 . 8 4  x 0 . 3 3 5  m
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Figure 4.9 Air box design /
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To observe the bed behaviour during pressure drop 
measurements, a 0.25 m bed height was chosen for photographic 
studies. This bed height was chosen because it was high 
enough to be observed through the perspex frame The bed 
behaviour for various air flow rates was photographed using 
a Pentax SLR camera.
4.5 Operation of Hot Model
4.5.1 Hot Model Description
The grate test rig used for pressure drop studies (see 
section 4.4.1) was converted to determine heat transfer 
coefficients in a packed bed of clinker particles, as a 
function of temperature and air flow rate with time.
Plate 4.10 shows a general view of the converted test 
rig. As shown in the line diagram (Figure 4.T1) four 
equally spaced bunsen burners were used to heat up the 
bed. These were installed under the grate. To achieve a 
continuous flow of heated air, a Martindale blower was used 
to draw the hot air through the clinker bed. The blower 
inlet was connected to the test rig by a 55 mm diameter 
wire plastic reinforced flexible hose. The other end of 
the blower was connected to an open ended 2000 1/m rota­
meter by a 25 mm diameter wire plastic reinforced flexible 
hose. The temperature of the air flowing through these 
hoses was within the marginal upper limit for the plastic.
A rectangular steel plate with an elongated cylindrical
4.4.3 Still Photography
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extension at the centre was fixed to the steel frame (Fig. 
4.10). The elongated extension, provided.the connection to 
the blower. Insulation was introduced around the outer 
covering of the grate to decrease the effect of heat losses 
to the atmosphere during experiments.
The inlet and outlet air temperature was measured by 
sheathed NiCr/NiAl thermocouples. The thermocouple measuring 
the temperature of the inlet air was installed below the 
grate, through the elongated cylindrical extension on the 
test rig (Plate 4.13) and the thermocouple measuring the 
temperature of the outlet air from the bed was positioned 
just above the top of the clinker bed. This positioning 
was chosen to confirm with assumptions made about the mode 
of heat transfer in section 3.4. The clinker temperature 
in the bed was measured by embedded unsheathed thermo­
couples, held in position by Araldite. in a 20 mm diameter 
clinker particle at depths of 1 mm, 3.5 mm, 6.0 mm and 10 mm 
from the surface of the clinker particle (see Plate 4.11).
It was assumed that this clinker was generally representative 
of the temperature of clinker particles in the bed. In order 
to minimise any wall or surface effects, the specially in­
strumented clinker particle was buried at the centre of the 
bed at the start of each experimental run (Figure 4.12, Plate 
4.13).
The air and clinker thermocouples were linked to a 
selector switch from which the output was connected to a 
Comark electronic thermometer. For each position of the 
switch, individual air and clinker temperatures were displayed
by the Comark. Plate 4.13 shows the selector switch and 
thermocouple arrangement.
4.5.2 Hot Model Experimental Procedure
For each test run, the clinker bed was heated to 300°C, 
and as the bed reached this temperature, the burners were 
shut off. To achieve a steady inlet air temperature, suction 
was maintained by the blower until the inlet air temperature 
reached 30°C. This was acceptably close to atmospheric tem­
perature. As soon as this temperature was reached the blower 
was shut off. The steel cover plate was removed from the 
test rig, and the high pressure undergrate air fan was started 
up. The air flow through the grate was measured by an orifice 
plate connected to a U-tube manometer. The clinker and air 
temperatures were recorded at predetermined time intervals 
until the temperature of the clinker bed reached 40°C.
Four air flow rates (720, 940, 1290, 15'90Nm3/h) with 
four different bed heights (0.12, 0.14, 0.16, 0.20m) were 
investigated, recording temperatures and time simultaneously.
A stop watch was used for the measurement of time. Clinker 
and air temperature vs time plots were drawn for each run.
To verify the reproducibility of the results and 
quantify any wall effects the test bed was halved and expe­
riments were repeated using the pressure drop measurements 
(from section 5.4.2), equivalent flows to the full operation 
were maintained. The bed was halved by installing two steel 
plates vertically 215 mm away from each end of the container. 
This partition isolated the two end grate plates and thus
143
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they were blanked off. Four flow rates 566, 731, 865, 1054Nm3/h 
with four different heights 0.12, 0.14, 0.16, 0.2 m were tested 
on the halved grate, and temperature time plots were drawn.
4.6 Hot Plant Trial
Plant cooler trials were carried out to obtain accurate 
heat and mass balances in the Recupol grate cooler at South 
Ferriby Works, and to observe the effect of deep bed operation 
of the cooler, bed depth was increased by slowing down the 
grate speed.
Figures 4.13 and 4.14 are flow diagrams of the cooler 
and kiln system, and show the measuring points for the trial.
The method of measurement and equipment used are described
below.
4.6.1 Air Flow Measurements
The air flow through the system was measured using a 
variety of instruments. The first chambers (from the kiln 
end) air was supplied by two pulsator fans on each side of 
the cooler. The other compartments were supplied with air 
through a manifold system from a single high capacity fan.
The pulsator fan air flows were measured by anemometer 
traverse at their inlet. The air flows to the remaining
compartments were measured by traverses across the inlet
ducts of each compartment using a pitot tube (Appendix Cl) 
and anemometer to check the velocity of the latter traverses. 
Similar procedures were carried out across the supply ducts.
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These traverses were carried out at hourly intervals. The 
primary air flow was measured by pitot tube measurements 
across the firing pipe ducts. The hot air from the cooler 
consisted of secondary air (Fig. 4.14 (41)), coal mill air 
(Fig.4.14 (44,)). and waste duct air (Fig. 4.14 (36)). The 
secondary air flow was calculated from the back end gas flow 
measurements (Appendix C8). The waste air and coal mill air 
flow were measured by pitot tube measurements across each 
individual duct.
4.6.2 Temperature Measurements
4.6.2.1 Outlet Clinker Temperature
This was measured at regular (hourly) intervals over 
each trial/period using an infrared electronic thermometer 
(Appendix C2). The thermometer sensor was directed towards 
the output clinker in the drag chain conveyor, and the tem­
perature recorded.
4.6.2.2 Secondary Air Temperature
The temperature of the air after its passage through 
the clinker cooler and prior to its entry into the kiln hood 
was measured by a water cooled suction pyrometer (Plate 4.15) 
(Appendix C3) positioned in the uptake from the cooler.
A Kent chart recorder connected to the suction pyrometer 
recorded the temperatures (Plate 4,15).
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4.6.2.3 Primary Air Temperature
The air temperature in the firing pipe duct was measured 
using a Pyrotenax metal sheathed NiCr/Ni Al thermocouple- 
connected to a Comark electronic thermometer.
4.6.2.4 Clinker Nose Ring Temperature
The temperature of the clinker as it fell over the 
nose ring was measured using a disappearing-filament optical 
pyrometer (Appendix C4), Plate 4.15.
4.6.2.5 Cooler Shell Temperature and Emissivity
Positions were marked at approximately lm intervals 
along the length of the cooler. The temperature of the 
cooler shell at these points was recorded at two hourly 
intervals, using an infra red electronic thermometer 
(Appendix C2) (Plate 4.16). An emissivity of 0.8 was assumed 
for the instrument setting, based on work by Jenkins (144) 
on rotary kiln and cooler shells. The calculated heat 
losses from cooler shells are given in Figures 4,35 and 4.16.
4.6.3 Material Analysis
Laboratory analysis was carried out on the raw meal 
clinker, dust and coal to determine the percentage composi­
tion of the significant chemical constituents. Gas analysis 
was also carried out at the back end of the kiln, after the 
intermediate fan.
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4.6.3.1 Clinker Analysis
A cumulative (every hour) daily sample of clinker was 
analysed by the Works’ staff to determine the percentage of 
free lime (CaO) using standard Works-analysis methods, thus 
giving an indication of the degree of carbonisation taking 
place in the kiln. A cumulative trial sample was analysed 
in the laboratory to determine the chemical composition of 
the clinker.
4.6.3.2 Raw Meal Analysis
A cumulative (every hour) daily sample of raw meal was 
analysed to determine its carbonate content. The moisture 
of the feed was calculated from the quantity of water addi­
tion on the pelletiser fan (Fig. 4.13 (2)). The carbonate 
percentage was determined by back titration using analar.. 
hydrochloric acid and sodium hydroxide.
4.6.3.3 Coal Analysis
Samples of pulverised .coal were taken every two hours 
and were analysed for moisture content and fines. A 
cumulative pulverised coal sample was taken and analysed 
for net calorific value using a bomb calorimeter, moisture 
by drying, ash by ignition and volatile matter by controlled 
combustion at low temperature. These tests were carried out 
by Works laboratory staff.
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4.6.3.4 Dust Analysis
The dust in the secondary air from the cooler was 
determined by a dust sampling probe (Appendix C5). The 
quantity obtained was too small for analysis to be carried 
out.
4.6.3.5 Back End Gas Analysis
Carbon dioxide and carbon monoxide volume concentrations 
at the back end of the kiln were measured by infra red analysis. 
The oxygen volume concentration at back end was measured using 
a paramagnetic analyzer (Appendices C7 and C8).
4.6.4 Material Flow
During trials, Works staff provided information on coal 
flow, raw meal flow and clinker production rate. The raw 
meal flow was measured from a weigh feeder (Fig. 4.13 (1), 
and clinker production rate was calculated from the raw meal 
feed rate (Appendix C8), The coal flow was recorded from 
P.F. weigh feeder measurements (Fig. 4.14 (42)).
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CHAPTER 5 
EXPERIMENTAL RESULTS
AND THEIR EVALUATION
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5.1 Water Model Results
5.1.1 Flow Rates Investigated
The range of water flow investigated in the water model 
work is given in Table D.l , Appendix D1. The results presen­
ted in test no. NC 2,1 are the current Northfleet cooler 
chambers, exhaust and coal mill flow conditions. The values 
in Table D.l are equivalent to operational ranges of 82-350Nm3/ 
min, 150-730 Nm3/min, 200-895 Nm3/min and 295-1100 Nm3/min. 
in chambers 1, 2, 3 and 4 respectively. All flows in the 
system measured by variable area meter ' are accurate to 
t 2% of the scale reading.
5.1.2 Diagrammatic Representation of Water Model Results
The results of these tests have been translated into 
arrow flow diagrams. These figures show flow direction only, 
not velocity,and are arranged in Figures 5.1 to 5.6. They 
show the effect of a gradual change in the flow through each 
chamber in turn. Figures 5.5 and 5.6 show the effects of a 
high kiln air flow, as may be encountered when there is a 
reduced kiln production rate, through normal running to a 
high cooler exhaust rate, as may be encountered when a clinker 
flush is being handled in the cooler.
Two still photographs have been included to show the 
bead flow patterns from which arrow flow diagrams were ob­
tained (Plates 5,1 and 5,2), The shaded areas enclosed by 
dotted lines in Figures 5.1 to 5,6 indicate stagnation areas 
where flow is minimal or random in nature. The diagrams show
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only the flow pattern about the vertical axis of the kiln/ 
cooler system, visual observations being taken of flow 
near the walls and at other points in the model,
5,1.3 Flow Considerations in a Grate Cooler, Evaluated 
From Water Model Results
Flow distributers over each bed section of the grate 
appear to be uniform, indicating that the position of entry 
ducts of individual fans are correct or are not significant 
with respect to air distribution below the grate. From the 
model results, three important factors in grate flow dis­
tribution were observed. They are:
(1) There is an area of stagnant air flow in the cooler up­
take on the opposite side from the clinker chute. Thus 
the air flow in the cooler and uptake is not uniform, 
and careful consideration must therefore be given to the 
positioning of any measuring device which may be used to 
monitor .secondary air flows in this area (see section 4.6).
(2) The shaded areas outlined in Figures 5.1 to 5.6 were 
shown to grow and reduce in unison with change of the 
flow in the cooler. This phenomenon was most noticeable 
when changes were made to the flow through No. 1 and 2 
chambers (Figures 5.1 and 5.2). A low flow rate through 
No. 1 chamber reduced both the size and intensity of the 
vortex area and the size of the stagnant area (Fig. 5.Id), 
whereas a low flow rate through No. 2 chamber gives rise 
to both a large vortex and stagnant area (Fig. 5.2d), 
which, in turn, implies an increased air velocity at


Figure 5.1 Water model flow patterns.
Effect of first undergrate chamber.
Figure First undergrate chamber flow
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Figure 5.2 Water model flow patterns.
Effect of second undergrate chamber
Figure Second undergrate chamber flow
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Figure 5.3 Water model flow patterns.
Effect of third undergrate chamber.
Figure Third undergrate chamber flow
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Figure 5.4 Water flow patterns.
Effect of fourth undergrate chamber.
Figure Fourth undergrate chamber flow %
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Figure 5.5 Water flow patterns.
Effect of kiln air requirement.
Figure Kiln air requirement flow
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Figure 5.6 Water model flow patterns.
Effect of cooler exhaust air rate
Figure Cooler exhaust air flow
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negligible effect on the vortex and stagnation areas, 
resulting in a constricted flow in the cooler uptake. 
Because of the non-symmetrie position of the air uptake 
from the cooler to the kiln, a gentle air swirl about 
the burner nozzle is inherent. This effect is a marked 
factor in the air model work (see section 5.2). This 
swirl is a clockwise motion centered on the nozzle axis, 
if viewed from the back wall of the hood. The intensity 
of this swirl may be increased by an increased flow rate 
through No. 2 and 3 chambers, and under these conditions 
an external swirl is translated to the primary jet, and 
also the swirl direction is a function of the side to 
which the kiln is offset, and thus the direction of 
rotation of the kiln, i.e. kiln rotation = anticlockwise 
air flow and vice versa.
5 . 2 Air Model Results
5.2.1 The Nozzle Effect
Figure 5.7 shows the velocity distribution obtained 
within the air model with the burner drawn back into the 
kiln hood. It becomes immediately obvious that the flame 
jet is lifted above the kiln axis, caused by the upflow of 
secondary air through the cooler throat. Thus, the indus­
trial practice of angling the burner towards the charge in 
this position becomes understandable, since this would tend
t h e  u p t a k e  f r o m  t h e  c o o l e r .
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It is also noticeable that at approximately one kiln 
diameter downstream from the nozzle, there is a kink in the 
jet axis path. This phenomenon is caused by ’corkscrewing’ 
of the jet. The reason for this effect is that the secondary 
air flow in the kiln hood is offset from the cooler, giving 
rise to a gentle swirling motion in the latter. This effect 
was verified by Figure 5.8, a horizontal traverse.
Figure 5.9 shows the velocity distribution obtained in 
the air model with the burner set at3 the nose ring. In this 
position the jet axis follows the kiln axis more closely, 
and the jet is generally better shaped than the first condi­
tion. The same ’k i n k ’ is apparent in the jet axis path, 
which indicates that it is not a transient effect which 
depends on the burner position, but is more likely influenced 
by the motion of the surrounding air.
5.2.2 Effect of the Cooler Chamber Flows
Following modifications detailed in section 4.2. 5 the 
cooler air flows were evenly distributed across the cooler 
chambers, and velocity traversing was carried out. Figures
5.10 and 5.11 show the vertical and horizontal traverses of
the jet flow. The ’corkscrewing’ observed in previous figures 
(Figures 5.7 and 5.8) is still seen to be present and there 
is little apparent difference between the two conditions 
studied.
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5.2.3 Effect of the Kiln Hood
The results concerning the effects of jet nozzle and 
cooler chamber conditions, show that the geometry of the 
hood/cooler uptake is the overriding factor affecting the 
aerodynamics of the kiln. No significant aerodynamic change 
can be brought about by adjusting the relative flows of air 
to the cooler undergrate chamber, but such changes may give 
higher secondary air temperatures and thus reduce total 
energy consumption.
5.2.4 Improving the Air Flow Distribution in the Kiln Hood
As shown in Figure 5.12, a V-shaped wedge was fixed to 
the nozzle after verifying the ’corkscrewing' effect of the 
jet with a cold aerodynamic trial (see section 5.3). The 
wedge was made from cardboard to dimensions of 75mm x25mm, 
forming a horizontal extension to the left hand side of the 
nozzle, viewed from the kiln hood. It was anticipated that 
this insertion would more evenly distribute the flow of air 
from the cooler throat to the hood. The jet nozzle was 
positioned on the nose ring during the traverse.
Figure 5.13 shows the vertical and horizontal jet axis 
relative to the kiln axis. The insertion of the wedge 
stabilized the jet around the axis of the kiln. The jet 
path is much closer to the kiln axis, indicating a more 
symmetric pattern of air entrainment from the hood, which 
results in uniform air distribution in the flame and hence, 
better combustion. .
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The results of this trial have been presented in graphical 
form (Figure 5.14), and for comparison, the air model results 
have been plotted in a similar fashion (Figure 5.15), both 
sets of results being in the form of a cross-sectional velo­
city contours. Both model and trial velocity profiles were 
drawn for four different positions along the kiln.
Comparison of Figures 5.14 and 5.15 shows reasonable 
similarity. The model results are more comprehensive than 
the trial results due to better, more accurate, flow control 
and probe positioning, and because over four times as many 
individual readings were taken per traverse.
Positions 1 2, 4 of model and kiln velocity profiles
show similar characteristics and qualitative values. Results 
from position 1 in the model and kiln imply jet splitting 
into two separate jets. As previously described in the air 
model work (section 5.2), this is caused by the jet ’cork­
screwing’. This corkscrewing was verified by careful ob­
servation of the flow path of entrained dust particles when 
the kiln was run cold.
At positions 2 and 4 of the model results, the jet 
split has not been detected because traverses were carried 
out in different vertical and horizontal planes in the kiln 
to those in the model.
5.3 Cold Aerodynamic ’Plant T r i a l ’ Results
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5.4 Experimental Investigation Using 'Cold ' Grate Cooler
Model
5.4.1 Experimental Variables in the Cold Grate Model Studies
The sample bed consisted of undistributed clinker 
particles, the size distribution of which is given in 
Appendix B3. Sieve analysis was carried out on the sample, 
and from this the mean particle diameter was calculated 
(see Appendix B3, Table B.l).
The bed height was increased in steps, and for each 
bed height the pressure drop across the bed was measured as 
a function of air flow through the bed. The air flow was 
gradually increased until the sample bed reached minimum 
fluidization conditions.
5.4.2 The Relationship Between Bed Pressure Drop and Air 
Velocity
From the above results, it is observed that the fluidi­
zation behaviour of a mixed size clinker sample bed is in 
reasonable agreement with most gas-solid fluidization sys­
tems. Figures 5 . 1 6  to 5.. 18 illustrate the pressure drop/ 
air velocity curves for bed heights of 0.12, 0.16 and 0.25 m. 
Comparing these figures to the theoretical graphs (see 
section 3.3.4) (Figures 5.16 to 5.18), confirms that the bed 
has channelling tendencies. Since the minimum fluidization 
velocity cannot be accurately determined from a visual 
observation of the bed, these pressure drop/velocity diagrams 
provided a numerical value for each flow condition.
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5.4.3 Minimum Fluidization Velocity Calculations (Umf)
The minimum fluidization velocity is shown experi­
mentally to be in the range 1 . 5 - 1 , 6 7  m/sec. Theoretically 
(see Appendix B9) the minimum fluidization velocity has 
been shown to be 1.2 m/sec. The difference between the 
theoretical and experimental values was considered to be 
channelling within the bed. From Figures 5.16 to 5.18 it 
can be observed that the pressure drop and channelling 
tendencies of the bed are higher in the centre (position 3) 
compared to the sides. This was due to an experimental 
error giving rise to undergrate air distribution described 
in section 4.4.2.
5.4.4 Still Photography of Clinker Bed Behaviour
Still photographs of clinker bed of height 0.25 m have 
shown the bed behaviour at progressively increased air flow 
rates. Plates 5.3 to 5.6 show clearly the expansion of the 
bed. Plates 5.3A, 5.4A, 5.5A and 5.6A represent a fixed 
bed where clinker particles are stationary. Plates 5.3D, 
5.4D, 5.5D and 5.6D show the semi fluidized bed. It is 
also observed that fine clinker particles fluidiz© before 
coarse ones. Comparing Plate 5.3C to Plate 5.3D an air 
bubble is observed to move through the bed and bursts at 
the top. This air bubble behaviour in the bed causes the 
size distribution of clinker particles to differ from the 
initial part of the experiment to the latter. Before fluid 
ization, the bed is in random distribution, but after fluid 
ization, the bed consisted of fine particles on the surface
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Figure 5.17 Experimental pressure drop versus flow relationship 
for a 0.16m. clinker bed.
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for a 0,25m. clinker bed.
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and coarse particles at the bottom. The overall view of the 
whole test bed is displayed in Plate 5.7.
5.4.5 Bed Voidage
The fixed bed voidage was calculated to be 0.42 (see 
Appendix B2). For cold grate model studies the voidage at 
minimum fluidization conditions was assumed to be equal to 
the fixed bed voidage. During hot grate model studies (see 
section 5.5.8) the error arising from this assumption was 
corrected.
5.4.6 The Relationship Between Bed Pressure Drop/Equivalent 
Pressure of Fixed Bed Weight vs Air Velocity
As shown in Appendix B7 for each bed height the equi­
valent pressure of fixed bed weight ( P ). was calculated and is 
expressed in graphical form (see Figure 5.19). A bed 
height of 0.16 m is the optimum bed height for minimum fluid­
ization of the bed. This implies that in a grate cooler, 
the bed height cannot be increased continuously for a fixed 
amount of air flow, as after a certain height the weight of 
the bed will be greater than the opposing force due to the 
air flow. Hence minimum fluidization conditions will be very 
difficult to attain. V
5.4.7 The Relationship Between Pressure Drop and Bed Height
The plot of pressure drop versus bed depth '(Figure 5.20) 
shows clearly a linear relationship. Pressure drop was seen
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Figure 5.19 Experimental bed w cight:pres sure drop relationship
for various beds up to minimum fluidising conditions
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to increase with bed depth, but decreases with decreasing 
bulk density. To demonstrate this the test sample data were 
compared to those for high bulk density clinker obtained from 
the Blue Circle Group (Ref. 110).
5.4.8 Bed Fluctuation
Under conditions of high air flow rate, fluctuations 
were observed at the surface of the clinker bed. These bed fluc­
tuations were observed during pressure drop experiments, 
the liquid in the manometer tube oscillating with the bed 
creating measurement inaccuracies. In practice, the extent 
of the fluctuations and their estimation may become- impor­
tant when a fluidized bed height has to be specified. Plates 
5.3b, c, d were used for measurement of bed height,*a photo­
graphic scaling factor being employed. The increase of bed 
height with air flow rate was used in voidage calculations 
for subsequent heat transfer studies (see section 5.5.8).
However, for minimum fluidization calculations, it was assumed 
that the bed height was equal to the fixed bed height measured 
at the start of the experiment for all flow rates and conditions.
5.5 Experimental Investigation Using 'Hot' Grate Model
5.5.1 Exposed Thermocouple Measurements
Trials were carried out with a 100 mm depth bed, using 
four unsheathed thermocouples to measure temperature. Two 
thermocouples were positioned under the grate and above the 
clinker bed to measure inlet and outlet air temperatures
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respectively. The other two thermocouples were buried in 
the bed through elongated cylindrical extension on the rig 
in order to monitor bed temperature. One was buried at the 
surface of the bed, the other just above the grate. Four 
air flow rates were used; 712, 920, 1295 and 1543 N m 3/h, 
and the change in temperature with time was recorded for 
cooling of the bed from 200 to 40°C. The results of the 
investigation are tabulated in Appendix D 4 .
5.5.2 Measurement of Clinker Bed Temperature by Insertion 
of Thermocouples in a Clinker Particle
The most significant conclusion of the trial run dis­
cussed in section 5.5.1 was that bare thermocouples in the 
bed predominantly measured air temperatures rather than 
clinker temperatures. So it was decided to use thermo­
couples inserted in clinker particles for measurement of 
clinker temperature (Figure 4.11). As described in section 
4.5.1, a 20 mm diameter clinker particle was buried at the 
centre of the clinker bed with four fine thermocouples in­
serted at distances 1, 3, 6 and 1 0 m m  apart in the particles, 
thus the temperature gradient through the particles could 
be monitored.
As the bunsen burners were positioned (see Fig. 4.10) 
below the grate during heating of the bed, the grate was 
preferentially heated and acted as a heat sink in the system. 
Hence, when cooling, assuming the thermocouple inserted in 
the clinker particle was at the bottom of the bed, heat 
liberated from the grates influenced the thermocouple readings
218
of clinker temperature. Also, care was taken to position 
the thermocouple inserted clinker particle at the maximum 
distance from the walls of the container, to avoid any wall 
heat effects.
Test runs were carried out with 100, 140, 160 and 200mm 
clinker bed heights, with air flows of 712, 920, 1295 and 1593 
N m 3/h. During each run, temperature and time were recorded 
for each of the bed heights at minute intervals as the clinker 
bed cooled from 200°C to 40°C (see Appendix D5). Inlet air 
temperature was maintained at a constant value of 30°C during 
the cooling process of the clinker bed.
5.5.3 Reproducibility of Hot Model Results
To validate and identify any wall and end effects tests 
were carried out to reproduce the results in a halved bed 
area. As described in section 4.5.2 the bed area was halved 
(0.12m2) and test runs were carried out with similar bed 
heights (100 to 200 mm). To simulate the same air flows 
used in the full bed test runs, pressure drops obtained with 
full area beds,were used to calculate the new flow rates.
Fig. 5.21 shows the manometer tube readings (mm Wg) obtained 
for a full and a halved bed at equal pressure drops. It 
is observed from Figure 5.21 that at low flow rates the flow 
rate for a half bed is half that of a full bed and at high 
flow rates they deviate considerably. The reaon behind this 
deviation is that as the diameter of the container decreases 
the wall effects increase, so to maintain full bed area 
conditions in the half bed area the flow quantity has to be
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decreased, and also at low air flow rates the bed is at 
packed bed conditions, but at high flow rates the bed is 
at minimum fluidization conditions, so wall effects will 
be at a maximum.
5.5.4 The Philosophy Underlying the Use of a 10m m  Positioned 
Thermocouple for Clinker Temperature Measurement
The 10 mm positioned thermocouple reading was used for 
temperature time plots. The reason behind this is that 
during cooling runs, the surface of the clinker particles' 
lost heat more rapidly compared to the core, that is, the 
centre point of the clinker particles. Hence, the 1 mm and 
3 mm positioned thermocouples measured the rapidly changing 
temperature at the surface of the clinker particles.
To verify this hypothesis, a low air flow was used 
(730 1/min.) to carry out a test run. Low air flow was 
used so that the 1 mm and 3 mm thermocouple readings were 
not disturbed by air turbulence near the surface of the 
particle. During this test run, when 10 mm positioned thermo­
couples read 200°C, temperature values of the 1 mm, 3 mm and 
6 mm thermocouples were 211°C, 211°C and 207°C respectively 
at an air temperature of 100°C. This proved that heat 
transfer from hot clinker particles to cold air was convective 
control, but as both these thermocouples also read temperature 
values quite close to each other, it was decided to use 10 mm 
positioned thermocouples for clinker temperature measurements.
2 20
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The clinker temperatures and outlet air temperatures 
were plotted against cooling time. Figures 5.22 to 5.29 
show the clinker temperature cooling curves and Figures 
5.30 to 5.37 show the outlet air cooling curves. The curves 
of the first set of figures show the clinker bed cooling at 
a rate of 30°C/min. at 100 mm bed height, but as the bed 
heights increased from 100 mm to 200 mm the rate of cooling 
increased to 39°C/min. This shows that deeper beds need 
longer cooling time compared to thinner beds. As the air 
flow through the bed increased from 712 to 1593 N m 3/h 
(Figures 5.22, 5.24, 5.26 and 5.28) the slopes of the cooling 
curves decreased which proved that rate of cooling increases 
with increase of air flow rates.
For comparison the half bed temperature time plot was 
plotted, alongside the full bed area plots. Figures 5.22, 
5.24, 5.26, 5.28, 5.30, 5.32, 5.34 and 5.36 represent the 
full bed area plots and Figures 5.23, 5.25, 5.27, 5.29, 5.31. 
5.33, 5.35 and 5.37 represent the half bed area temperature 
time plots. The temperature time plots of similar conditions, 
that is, equal pressure drops (see section 5.5.3) compared 
very well. The slopes of the curves were quite- similar in 
character.
5.5.5 Temperature Time Plots
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5.5.6 Calculation of Overall Heat Transfer Coefficients 
Using S c h u m a n n s  Curves
The relationship ----z-211 was plotted on a linearrgo “ rso
ordinate against time on a logarithmic abscissa (Figures 
5.38 to 5.53). As mentioned in section 5.5.4 the 1 0 m m  
positioned thermocouple measurements were used for calcu­
lation. This temperature reading was thus assumed to be 
at clinker bed temperature.
The Schumann curves obtained from the literature 
(see section 3.3) were transposed with the experimental 
curves and the value of Y from the Schumann curves which 
most closely compared to the experimental curve was 
used for heat transfer calculations.' Concerning the 
case.of the best fit-experimental curve to the theoretical, 
curves (Schumann curves) the theoretical curves may be 
selected within 10 percent of certainty, i.e. it is possible 
to say that for example data fit the curve Y = 2.5, but not 
for Y = 2.0 or 3.0. So to calculate the overall heat trans­
fer coefficient, the following relationship can be used:
Table 5.1 shows the calculated overall heat transfer coeffi­
cients. These range from 6.91 to 12.35 k c a l / h m 2°C. For 
calculation of heat transfer coefficients only full bed area 
temperature data were used.
Schumann curves were used for calculation of overall 
heat transfer coefficients on the assumption that heat 
capacities of air and clinker remained constant, as the
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Table 5.1 Overall heat transfer coefficients
Air mass 
flow rate 
kg/hm2
Bed
height
m.
Y
Heat transfer 
coefficients
kcal/h°C m 3 kcal/h°C m 2
2928 0.10 2.0 15910 12. 35
3784 0.10 1.5 15421 11.97
5328 0.10 1.0 14476 11.23
6553 0.10 0.8 14443 11.21
2928 0.14 2.8 15910 12. 35
3784 0.14 2.0 14687 11.40
5328 0.14 1.2 12408 9.63
6553 0.14 1.0 12717 9.87
2928 0.16 3.0 14916 11.58
3784 0.16 2.0 12851 9.98
5328 0.16 1.28 11542 9.00
6553 0.16 1.0 11127 8.63
2686 0. 20 3.5 12880 10.00
3784 0.20 2.5 12851 9.98
5328 0.20 1.5 10857 8.43
6553 0.20 1.0 8102 6.91
Schumann curves are not valid for increasing heat capacities 
of solid and gas. As the temperature range looked at was 
between 200 to 40°C the heat capacities of clinker and air 
.remained constant throughout the experiment.
5.5.7 The Relationship of Overall Heat Transfer Coefficient 
to air flow rates
The tabulated (Table 5.1) overall heat transfer coeffi­
cients ranging from 6.91 to 12.35 kcal/h m 2 °C were plotted 
against volumetric air flow rates. The heat transfer coeffi­
cient decreased with increase of air flow rates, and also 
they decreased with increasing bed heights. The first pheno­
menon is in disagreement with packed bed theory as described 
in the literature survey (section 2.3). These investigations 
(58,59,60) have generally shown that bed of spherical particles 
traversed by air will have an increasing heat transfer coeffi­
cient, with increase of air flow rates. The experimental bed 
behaviour at minimum fluidization conditions oberved in this 
study was exhibiting a semi-packed, semi-fluidized state. It 
was thus decided that disagreement in heat transfer coefficients 
was d u e .to ignoring the voidage effect of the test bed in 
their calculations (see section 5.5.8).
The second phenomenon the results (Fig.-5;54) seem to 
suggest is that for thinner beds the heat transfer coefficient 
between clinker particle and air is much higher than for 
thicker beds. But from Fig. 5.54 for increase of bed height 
from 100 to 200 mm the heat transfer coefficients only varied 
by ± 5% so as this variation is small, it was considered that 
heat transfer coefficient maintains a constant value for in­
crease of bed heights. (Refer dotted line in Fig. 5.54).
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Schumann curves are not valid for increasing heat capacities 
of solid and gas. As th e .temperature range looked at was 
between 200 to 40°C the heat capacities of clinker and air 
remained constant throughout the experiment.
5.5.7 The Relationship of Overall Heat Transfer Coefficient 
to Air Flow Rates
The tabulated (Table 5.1) overall heat transfer coeffi­
cients ranging from 6.91 to 12.35 kcal/hm2 °C were plotted 
against volumetric air flow rates. The heat transfer co­
efficient decreased with increase of air flow rates, and 
also they decreased with increasing bed heights. The first 
phenomenon is in disagreement with packed bed theory, as 
described in the literature survey (see section 2.3). In 
general a bed of spherical particles traversed by air will 
have an increasing heat transfer coefficient with increase 
of air flow rates. So error or omission in the experimental 
calculation was considered to be the reason for this behaviour
The second phenomenon the results (Fig. 5.54) seem to 
suggest is that for thinner beds the heat transfer between 
clinker particle and air is much higher than for thicker beds. 
But from Figure 5.54 for increase of bed height from 100 to 
200 mm the heat transfer coefficients only varied by ^5%.
So, as this variation is small, it was considered that heat 
transfer coefficient maintains a constant value for increase 
of bed heights. The dotted line in Figure 5,54 gives the 
average value of the heat transfer coefficient.
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5.5.8 The Relationship Between Bed Voidage and Air Flow 
Rates
During cold model studies (see section 5.4.5) the clinker 
bed was assumed to be at a fixed bed voidage of 0.42 and 
fixed bed height of 100 to 200 mm even at minimum fluidization 
conditions. This assumption leads to errors in calculation 
of heat transfer coefficients, as mentioned in section 5.5.7. 
As shown in Table 5.2 the increase in bed voidage with air 
flow rates was calculated by substituting the experimental 
pressure drop values and measured bed heights into the 
theoretical pressure drop equation (see Appendix Bll).
An increase in voidage decreased the surface area of
the bed, the relationship a = 6 ^ I-Y  £  ^ being used for surfaced p
area calculations. Between fixed bed conditions and minimum 
fluidization conditions, the voidage increased from 0.42 to 
0.5 and bed surface area per unit volume decreased from 1288 
to 1111m2/m 3 (Table 5.2).
When the surface area of the 
bed decreases the heat transfer between air and clinker will 
increase. This phenomenon can be observed when plotting 
modified overall heat transfer coefficients versus air flow 
rates.
5.5.9 The Relationship Between Modified Overall Heat 
T ransfer Coefficients and Air Flow Rates
The modified overall heat transfer coefficient (Table 
5.3) obtained by substitution of new voidage and bed heights,
243
Table 5.2 Values of surface area with expanded bed height 
and voidage
Air
velocity
m/sec
Measured 
bed height 
m.
Experimental 
pressure drop 
kgj/m2
Bed
voidage
e
• Bed 
surf a 
area 
m 2 / m 3
0.7 0.100 40.0 0.42 1288
0.9 0.100 55.0 0.42 • 1288
1.28 0.105 80.0 0.49 1133
1.58 0.110 120.0 0. 50 1111
0.7 0.160 95.0 0.42 1288
0.9 0.160 110.0 0.42 1288
1.28 0.168 150.0 0.49 1133
1.58 0.176 2 30.0 0.50 1111
0.7 0. 250 110.0 0.42 1288
0.9 0.250 130.0 0.42 1288
1.28 0.263 2 30.0 0.49 1133
1.58 0.275 320.0 0. 50 1111
was plotted against increasing air flow rates (Fig. 5.55).
The heat transfer coefficient was observed to be independent 
of air flow rate. But still,as mentioned in section 5.5.7,
±5% variation of heat transfer coefficient was observed for 
increase of bed depth from 100 to 200 mm. The dotted line 
in Figure 5.55 gives the average value of heat transfer 
coefficients for all data points.
5.5.10 The Relationship of Nusselt Number to Particle 
Reynolds Number
A plot of Nusselt number (Table 5.4) versus particle 
Reynolds number for increase of bed heights from 100 to 200 mm 
and for increasing air flow rates is given in Figure 5.56.
The Nusselt number maintained a constant value for an in­
crease in particle Reynolds number. The particle Reynolds 
number ranged from 120 to 220. The ^5% variation of Nusselt 
number with increased bed height is also observed in Figure 
5.56.
5.5.11 The Relationship of Stanton Number to Particle 
Reynolds Number
The effect of particle Reynolds number on Stanton number 
is presented in Figure 5,57a. The curves show the Stanton 
number decreasing with an increase of particle Reynolds 
number. To obtain a linear relationship the Stanton number 
was plotted against particle Reynolds number on a log-log 
scale (Figure 5.57b). Straight lines were drawn through 
points of each bed height investigated and relationships 
were derived using the procedure attained in Appendix B12
2 44
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Table 5.3 Values of modified heat transfer coefficients 
with voidage and bed height
Air 
flow rate 
Nm3 /h
Bed 
height 
m .
Modified heat 
transfer coefficient
kcal/h °C m 3 kcal/h °C m 2
712 0.10 15910 12.35
920 0.10 15421 11.97
1295 0.10 14426 12.28
1593 0.10 14443 13.00
712 0.14 15910 12. 35
920 0.14 14687 11.40
1295 0.14 12408 10. 95
1593 0.14 12717 11.44
712 0.16 14916 11. 58
920 0.16 12857 9.97
1295 0.16 11592 10.23
1593 0.16 11127 10.01
653 0.20 12880 10.00
920 0.20 12851 9.98
1295 0.20 10857 9.58
1593 0.20 8902 8.01
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Table 5.4 Values of Nusselt number (Nu ) vs particle 
Reynolds number
Air 
flow rate 
■ iNm3 /h
Bed
height
m
Rep
y
Nu P
h d
kg J
712
920
1295
1593
0 .1 0
0 .1 0
0 .1 0
0 .1 0
120
155
221
273
1.152
1 .1 2 2
1.198
1.218
712
920
1295
1593
0.14
0.14
0.14
0.14
120
155
221
273
1.158 
1.068 
1.02 7 
1.073
712
920
1295
1593
0.16
0.16
0.16
0.16
120 
155 
221 
2.7 3
1.086 
0. 935 
0.960 
0.940
653
920
1295
1593
0 . 20 
0 .2 0  
0 .2 0  
0 .  20
120
155
221
273
0. 940 
0.940 
0.8 90 
0. 750
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Table 5.5 Values of Stanton number (St) versus particle 
Reynolds number (Rep)
Air 
flow rate 
N m 3 / h
Bed
height
m.
Re StP
f U d p p
f h ]
I u ( eg G -
712
920
1295
1543
0 . 1 0
0 . 1 0
0 . 1 0
0 . 1 0
120
155
221
273
0.0176
0.0132
0.0099
0.0083
712
920
1295
1593
0.14
0.14
0.14
0.14
120
155
221
273
0.0176
0.0126
0.0086
0.0073
712
920
1295
1593
0.16
0.16
0.16
0.16
120
155
221
273
0.0165
0 . 0 1
0.008
0.006
653
920
1295
1593
0 . 2 0  
0 .  20 
0 .  20 
0 . 2 0
120
155
221
273
0,016
0 . 0 1
0.0066
0 . 0042
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Figure I
ft
c n
|0O §00
P artic le  Reynolds
number (Re ) *"P
Bed height:
-  1 0 0  m m
-  1 4 0  m m
-  1 6 0  m m
-  2 0 0  m m
.57b Log-log p lo t of Stanton number to n a r t ic le  
Reynolds number
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The equations derived are as follows:
St = 1.476 (Re ) - 1-1 (Pr)~2/3 (5.2)
Bed height = 100 mm
St = 1.365 (Re ) ' u  (P r)-2/a (5.3)
Bed height = 140 mm
St = 1.189 (Rep)-1-1 (Pr)-2/3 (5.4)
Bed height = 160 mm
St = 1.042 (Re ) - ‘-1 (P r)-2/3 (5.5)
Bed height = 200 mm
From these derived equations a general corre la tion  was 
obtained. As bed height remains as a s ig n if ic a n t variable  
in the above equations, a general corre la tion  (see Appendix
This equation can be used to pred ic t overall heat transfer  
coeff ic ien ts  in  any c linke r bed on a grate. Equation (5.7) 
can be simplified, by substitu ting  a single value fo r the 
Prandtl number since th is  number is constant (0.62) for the 
a ir  temperatures used in both the experimental work and on 
the plant grate cooler.
B12) is derived by incorporating a term
P
in the equation.
f r ) - ° ‘55 o!St = 11.22 (ReD) - 1*1 ( P r ) - /3 (5.6)
St = 15.46 A (5.7)
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Heat and mass balances were carried out on a three day 
t r i a l  on f u l l  scale p lant over a range of c linke r bed depths
0.12m on the f i r s t  and th ird  days, and 0.15, 0.19m on the 
second day. The operating conditions on day 3 were very 
sim ila r to those on day 1, except that the coal m il l  was not 
in  operation.
I n i t i a l l y  i t  was thought that the cooler performance 
could be improved by re d is tr ib u t in g  the cooler a ir  more even­
ly  between seven cooling chambers. The water and a ir  model 
work showed that aerodynamically i t  was advisable to supnly 
most of the cooler a ir  at the k i ln  end of the cooler, and also 
resetting  the cooler a ir  flows to achieve equality  in each of 
the chambers, would resu lt in decline in heat transfer due to 
a reduction in the a ir  v e lo c it ie s .
On the f i r s t  day o f the t r i a l ,  secondary a ir  temperature 
was 64-2°C (bed depth 0.12m);this increased to 723°C on the second 
day (bed depth 0.16m). A fu rthe r increase of bed depth (0.19m) on 
the same day,resulted in a secondary a ir  temperature -of 742°C 
at the ou tle t end of the cooler, which has not increased s ig n i f i ­
cantly during the t r ia ls ,  but th is  could -be due to l i m i t s - 
of bed.height to fan capacity.
The heat and mass balances from each of the three days 
measurements (Tables 5.6 and 5.7) do not correlate very w ell.
This is due to the errors incurred in  flow measurements taken 
in the a ir  supply ducts and pulsator fan in le ts .  The flow
5.6 ’H o t 1 Plant Trial Results
errors in the supply ducts were due to curved ducts (Plate 
4.16) creating turbulence in  the flow, and those in the 
pulsator fan were due to the flow measurements being taken 
at the in le t  of the pulsator fan, which is not an accurate 
method, but' was the only one available at that time.
A ir leakage in to  the grate cooler was not measured 
during the t r ia ls  but has been subsequently calculated  
(see Appendix C8). A ir  leakage usually occurs at the 
c linke r breaker (Fig. 4.13 (34)), but th is  leakage depends 
on the k i ln  hood pressure: i f  the k i ln  hood pressure is  
above atmospheric pressure, then i t  is out-leakage; i f  i t  
is below, then i t  is  in-leakage.
Although accurate heat and mass balances could not be 
achieved, the t r i a l  proved that increasing the bed depth 
of the cooler increases the secondary a ir  temperatures.
Hence, deep bed operation of the cooler produces good heat 
transfer between hot c linke r pa rtic les  and cold a ir .  This 
v e r if ie s  the theore tica l heat transfer concept of th is  subject
254
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Table 5.6 Cooler hot trial mass airflows (kg/s)
Day 1 Day 2 Day 2 Day 3
Cooler grate speed "(cm/s) 3.251 2.692 2.184 3.251
Clinker bed depth (cm) 12.030 15.700 19. 30 13.040
Secondary a ir  temp.(°C) 642.900 722.300 742.700 668.800
IN
Cooler a ir  East 
supply ducts West
9.427 
10.288
8.6 30 
12.446
8.932
9.245
10.609 
11. 554
Pulsator fans East
West
5.721
5.830
2.405
6.326
5.433
3.243
6.167
5,952
TOTAL 31.266 29.807 26.853 34.282
OUT
Secondary a ir 14.724 14.773 14.810 14.767
Coal m il l  a ir 1.683 1.593 1.335 -
Waste/furnace a ir 20.537 21.526 18.853 18.924
TOTAL 36.944 37.892 34.998 33.691
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Table 5.7 Cooler hot trial heat balance (KW)
Day 1 Day 2 Day 2 Day 3
Clinker bed depth (cm) 12.03 15. 70 19. 30 13.04
IN
Clinker from k i ln  hood 19516.72 20847.29 19263.56 18548.31
Cooler a ir  East 
supply ducts West
66.19
72.23
78.86 
137.52
111.20
82.61
105.12
114.48
Pulsator fans East
West
40.17
40.93
21.98
69.90
67.64
28.98
61.11
58.98
TOTAL 19736.24 21155.55 19553.99 18888.00
OUT
Clinker (on v ib ra to r  
conveyor) 1816.02 1975.32 1416.62 1322.84
Secondary a ir 12846.40 11603.57 12591.93 11585.81
Coal m i l l  a ir 929.86 831.93 774.95 -
Waste/furnace a ir 5312.92 5569.85 4751.91 5308.81
Radiation & convection 
losses 198.54 198.54 198.54 198.54
TOTAL 21103.74 20179.21 19733.95 18416.00
Recuperative e ff ic iency  (£ 65.82 55.66 65.37 62.46
Overall e ff ic iency 97.81 86.37 94.06 91.08
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CHAPTER 6
GENERAL DISCUSSIONS OF 
EXPERIMENTAL RESULTS
258
6.1 Discussion of Aerodynamic/Model, and Plant Trial, Results
The resu lts  have shown that in a k i ln  grate cooler 
system aerodynamic problems are caused by mode of operation 
of the cooler, or the geometry of the connection between the 
cooler and the k i ln  hood. The k i ln  flame is influenced by 
hood and cooler throat shape. Smaller hood and cooler throats  
introduce an uneven d is tr ib u t io n  of secondary a ir  flow to the 
flamey. resu lting  in  poor combustion.
The water model results  have shown that the o ffse t of 
the grate from the k i ln  axis, which is required to permit 
even c linke r d is tr ib u t io n  over the grate, induces a sw ir l into  
the secondary a ir  flow in the hood. (This was v is ib ly  observed 
during water model studies.) The three main causes of th is  
sw irling  action are:
(1) high a ir  flow through hot end of the cooler, i .e .  f i r s t  
and second chambers;
(2) excessive o ffse t of the cooler from the k i ln ;
(3) a res tr ic ted  cooler throat.
The water model studies have also shown that flow d is ­
tr ib u t io n  over each bed section of the grate was observed to 
be uniform, ind icating that the position of the entry ducts 
of the ind iv idua l fans were correct, or were not s ig n if ica n t  
with respect to the a ir  d is tr ib u t io n  below the grate, thus 
given an even d is tr ib u t io n  of charge over the grate, the 
cooling e ffec t should be uniform, regardless of the spatia l 
position  of a c linker p a r t ic le  on the bed.
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The a ir  model resu lts  have shown that the positioning of 
the hood and size of the cooler throat were the cause of 
corkscrewing e ffects in  the flame. The resu lt of poor d is ­
t r ib u t io n  of secondary a ir  from the cooler about the burner 
nozzle, is that most of the a ir  is directed over the top of 
the flame. This s itua tion  on the real k i ln  results in "dragon 
teeth" at the nose r ing , and impingement of the flame on the 
brick work which reduces brick  l i f e .
I t  is  s ig n if ic a n t to note that the Craya-Curtet parameter 
in  the a ir  model system is 1.1416 (section 4 .2 .5), which is  
below the value of 1.5 at which re c ircu la t io n  commences. This 
is  ind icative  of poor entrainment of secondary a ir  in to the 
primary a i r / fu e l  je t  which leads to incomplete combustion.
Figure 6.1 shows the v e lo c ity  decay along the k i ln  je t  axis 
calculated from the model resu lts  (section 4 .2 .5). The rapid 
decay of ve loc ity  indicates that the axis je t  quickly dissipates  
i t s  excess momentum over i t s  surroundings. Thus the je t  has 
a low momentum, and a l l  je t  entrainment and mixing has ceased 
at a distance of 5 metres from the burner nozzle. Combustion 
continues for approximately 40 metres from the nozzle, thus 
those areas in the flame je t  where in s u f f ic ie n t  a ir  has been 
entrained or mixed w i l l  give rise  to "gas pockets" of carbon 
monoxide, which remain unburnt at the end of the flame.
The aerodynamic plant t r i a l  v e r if ie d  the a ir  model resu lts .  
The simplest solution to the poor aerodynamics was by the use 
of a b lu f f  body insertion  at the nozzle to d is tr ib u te  the 
secondary a ir  evenly in the k i ln .
AVERAGE KILN BUI K VELOCITY
Figure 6.1
DISTANCE FROM NOZZLE (m)
V eloc ity  decay of primary je t  under current 
operating conditions.
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From the cold grate model results  i t  is  apparent that 
the operational variables a ffec ting  the functioning of a 
grate cooler are bed depth, a ir  flow rate, c linke r size and 
size d is tr ib u t io n .  These four'variab les  combine to define 
the pressure drop over the bed. The pressure drop studies 
showed that as the a ir  flow rate through the c linke r bed is  
increased from zero, the pressure drop over the bed increased 
proportiona lly  up to a c r i t i c a l  flow rate, termed the mininum 
f lu id iz in g  ve lo c ity , and beyond th is  c r i t i c a l  value fu rther  
increase in a ir  flow rate maintained constant bed pressure 
drop.
I t  is  important to note from the results  that minimum 
f lu id iz a t io n  ve loc ity  is independent of bed depth and pressure 
drop and is  only a function of the physical properties of 
c linker part ic les  and a ir .  So in grate cooler operation i t  
is  desirable to maintain a packed bed at minimum f lu id iz a t io n  
conditions as f lu id iz a t io n  conditions in the bed w i l l  lead 
to a ir  s lid ing  and excessive carry out of c linke r fines back 
to the burning zone or in to  the cooler exhaust.
Results also show that Ergun’ s (62) pressure drop
f 8 21equation and Wen and Yu’ s  ^ J minimum f lu id iz a t io n  ve loc ity  
equation can be used to obtain pressure drop and minimum 
f lu id iz a t io n  ve loc ity  fo r any c linker bed.
6.2 Discussion of ’C o l d ’ Grate Model Results
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6.3 Comparison of the ' Hot' Model Results w ith Other
Research on Packed Bed Heat Transfer
Furnas (59) assumed that the time required fo r an in d i ­
vidual p a r t ic le  to be cooled to p ra c t ic a l ly  uniform tempera­
ture is  neg lig ib le  with comparison to the time fo r  cooling 
the entire  bed. This assumption is equivalent to a require­
ment that the entire  resistance to heat transfer is in the 
gas phase. This was considered in the experimental heat 
transfer ca lculations.
Furnas (59), in order to minimise errors due to heat 
losses through the wall o f the tube during cooling, prelim inary  
heated the bed and the Ms i l ic a -o -c e l"  insu la tion  maintained 
approximately a mean temperature between the beginning and 
end of a heating up period thus tending to eliminate errors  
due to heat losses through the walls. The apparatus used by 
Lof and Hawley (93) was designed in such a manner that the 
heat loss was eliminated by heating the external surface of 
the wall. Consequently during the heating period a large amount 
of heat was actua lly  stored in  the insu la tion . He found 
that as i t  was impractical to in s ta l l  cooling co ils  to main­
ta in  the outside wall temperature at the level of the inside 
wall during the cooling portion of the runs,a portion of the 
heat stored in  the insu la tion  was transferred back through 
the walls during the cooling cycle, and caused an erroneously 
high value fo r the heat transfer co e ff ic ie n t.  Fibre wool was 
used to cut down the heat losses in the current experimental 
r i g .
The vessels used by Furnas (59) and Saunders and Ford (60)
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had heat capacities greater than the p a rt ic les  used for test  
runs. Thus the heat absorbed by the container was much 
greater than that by p a r t ic le s , so producing e rro rs ’ in  th e ir  
heat transfer ca lculations. In the present study the heat 
capacity of c linke r pa rt ic les  is  high compared to the container 
so such errors are eliminated.
The diameter of the vessels used by Furnas (59) and 
Saunders and Ford (60) were very small compared to that used 
in  the present investigation . However, the container used by 
Lof and Hawley (93) was of s im ilar size, and heat capacity 
of the container less than the partic les  investigated. But 
the material used was broken solids which have a d if fe re n t  
shape fac to r. Hence d irec t comparison of hot model resu lts  
is  d i f f i c u l t .
The range of a ir  flow rates used in the present study 
is  between 3000 to 6500 kg/m2 h. In Lof and Hawley's work 
(93), the a ir  flow rates ranged from 284 to 1577 kg/m2 h and 
those used by Furnas ranged from 2239 to 9800 kg/m2 h. The 
a ir  flows were used fo r  heating up the beds at temperatures 
of about 1000°C, so rad ia tion had to be taken into account 
fo r  heat transfer c o e ff ic ie n t ca lculations. This is a possible 
reason fo r th e ir  heat transfer coe ff ic ien ts  increasing with  
a ir  flow rates, compared to experimental heat transfer c o e f f i ­
cients maintaining a constant value.
D e fin it ion  of p a r t ic le  diameter varies from one worker 
to another. Saunders and Ford (60) have used the actual d ia ­
meter of the uniform spheres, whereas Furnas (59) has used a
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weighted mean p a r t ic le  diameter based on screen analysis.
Lof and Hawley (93) have also used a value based on the weighted 
mean diameter o f the partic le .' In th is  experimental work' - 
the Furnas procedure was.used■ (see .Appendix B4).
Another possible source of discrepancy in  the re la tions  
is the difference in un iform ity  of p a rt ic le  size. Saunders 
and Ford (60) used perfec tly  uniform size spheres; Lof and 
Hawley (93) used screened fractions of broken so lids, which 
had varia tions in p a r t ic le  diameter.
I t  is believed by Lof and Hawley (93), Furnas (59) and 
Saunders and Ford (60) that in  convective heat transfer with  
forced c ircu la t io n  of gases through and around various types 
of surfaces, the overa ll heat transfer co e ff ic ie n t depends on 
mass flow rate through the bed. In th is  hot model work the 
heat transfer co e ff ic ie n t depends on a ir  ve lo c ity  through the 
bed.
Furnas (59) was confronted with the e ffe c t,  for which 
there was no adequate explanation, that the co e ff ic ie n t in 
the cooling runs was always higher than in the heating runs.
He claimed that the heating and cooling coeff ic ien ts  are 
iden tica l for a l l  p rac tica l purposes provided that the p a r t ic le  
size is not so large that an appreciable temperature gradient 
prevails in an ind iv idua l p a r t ic le  for a considerable time.
In other words, i f  the conditions sa tis fy  the Schumann method 
(58), the cooling and heating curve are equal.
Saunders and Ford (60) found that the co e ff ic ie n t was 
independent of the composition of the bed materials, but
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depends on the physical property of the m ateria l, i . e .  type 
of surface, the general shape or the degree of size uniform ity .
In Lof and Hawley's work (93) the modified Reynolds number 
varied from 50 to about 20, in Saunders and Ford’ s work (60), 
up to about 500. In both investigations the range of t ra n s i­
tions from streamline to turbulent flow is at a value of the 
modified Reynolds number of , 40 to 350. So most of the data 
in Lof and Hawley (93) and Saunders and Ford (60) are in the 
t ra n s it io n a l region. This was also the region of investigation  
in th is  experimental work.
6.4 Comparison of the Hot Model Results with the Dimensional 
Analysis Curves of' Saunders and Ford (60)
As described in section 3.8 Saunders and Ford (60) p lotted
t  - t
dimensional curves fo r the re la tionsh ip  £-g ^so versus
U T C P U T Cg Pg g° S°
  — -—  a n d ------------------- fo r d if fe re n t  values of -r—
C Pc (l-e)L C P d . Ps s s 7 s s p  r
ra t io s . The experimental resu lts  were p lotted  in  th is  manner 
fo r  comparison (see Figures 6.2 to 6.9).
LThe range of -j— ra tios  investigated experimentally 
P
varied from 37.0 to 81.0, whereas that of Saunders and Ford (60)
varied from 6.2 to 41.0. Considering th is  l im ita t io n ,  an -P-
dP
ra tio  of 41.0 was chosen fo r  comparison of experimental 
to theore tica l curves. I t  was found that both curves appear 
to have sim ilar shapes ind icating that the analysis of Saunders 
and Ford (60) could be applied to a bed of c linke r p a rt ic les .
There are two main differences between the experimental
1.
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( 1 )  S a u n d e r s  a n d  F o r d  ( 6 0 )  m a i n t a i n e d  a  c o n s t a n t  b e d  h e i g h t  
a n d  v a r i e d  p a r t i c l e  d i a m e t e r  w h e r e a s  i n  t h i s  e x p e r i m e n t  
t h e  m e a n  p a r t i c l e  d i a m e t e r  w a s  m a i n t a i n e d  c o n s t a n t  a n d  
b e d  h e i g h t  w a s  i n c r e a s e d .
( 2 )  A s  m e n t i o n e d  p r e v i o u s l y  ( s e c t i o n  5 . 5 . 1 2 )  t h e  e x p e r i m e n t a l  
b e d  u s e d  b y  S a u n d e r s  a n d  F o r d  ( 6 0 )  c o n t a i n e d  m o n o s i z e  
p a r t i c l e s ,  w h e r e a s  i n  t h i s  e x p e r i m e n t ,  a  m i x e d  c l i n k e r  
p a r t i c l e  s i z e  r a n g e  o f  1 6 . 0  m m  t o  5 0 0  y m  w a s  u s e d .
F r o m  F i g u r e s  6 . 2  t o  6 . 9  f o r  v a r i a t i o n  o f  J 1 -  r a t i o
a P
f r o m  3 2 , 0  t o  8 1 . 0 8 ,  t h e  c u r v e s  d o  n o t  d e v i a t e  f r o m  e a c h  o t h e r
c o m p a r e d  t o  t h o s e  o f  S a u n d e r s  a n d  F o r d  ( 6 0 )  w h e r e  f o r  Y
d P
r a t i o s  o f  6 . 2  t o  4 1 . 0 ,  t h e  d e v i a t i o n s  a r e  p r o m i n e n t .
T h e  r e a s o n  f o r  t h i s  c o u l d  b e  d u e  t o  t h e  c u r r e n t  t e s t  b e d  
c o n t a i n i n g  m i x e d  p a r t i c l e  s i z e s .
F r o m  F i g u r e s  6 . 2  t o  6 . 9  i t  i s  a p p a r e n t  t h a t  w h e n
t  -  t
r e s i d e n c e  t i m e  ( t )  b e c o m e s  g r e a t ,  t h e  f u n c t i o n  - S Q
g o  s o
r e a c h e s  u n i t y ,  b u t  t h i s  a p p r o a c h  t o  u n i t y  d e p e n d s  o n l y  o n
-P— r a t i o .  E a c h  c u r v e  i n  F i g u r e s  6 . 2  . t o  6 . 9  f o r  e q u a l  
P
r a t i o s  ( e . g .  F i g .  6 . 2  - i -  r a t i o  o f  3 7 . 0 3 )  d i f f e r  o n l y
U p  U p
b y  d i f f e r e n t  a i r  v e l o c i t i e s  ( s e e  A p p e n d i x  D ,  T a b l e s  D . 1 3 , D . 1 4 ) ,
a n d  t h o s e  c u r v e s  o f  e q u a l  i  r a t i o  c o i n c i d e d  w i t h  e a c h  o t h e r ,
a P
p r o v i n g  t h a t  a i r  v e l o c i t y  h a s  n o  e f f e c t  o n  t h e  d i m e n s i o n a l  
c u r v e ;  o n l y  t e m p e r a t u r e ,  b e d  h e i g h t  a n d  p a r t i c l e  d i a m e t e r  
b e i n g  s i g n i f i c a n t .
technique of Saunders and Ford and that of the current study:
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A  c o m p u t e r  p r o g r a m  w a s  d e v e l o p e d ,  t o  p r e d i c t  c l i n k e r  
a n d  a i r  t e m p e r a t u r e s  i n  e a c h  c h a m b e r  o f  t h e  g r a t e  c o o l e r .
T h e .  d e v e l o p m e n t  o f  t h e  c o m p u t e r  p r o g r a m  i s  g i v e n  b e l o w .
U s i n g  t e m p e r a t u r e  a n d  f l o w  d a t a  o b t a i n e d  f r o m  h o t  
t r i a l s ,  j i — J — p ~ Y i -  i f j  c a n  d e  c a l c u l a t e d  a s s u m i n g  a  v o i d a g e
f a c t o r  o f  0 . 4 2  ( s e e  A p p e n d i x  B 2 ) .  F r o m  t h e s e  c a l c u l a t e d  v a l u e s
t  n r  —  t  £ q
t h e  p a r a m e t e r  r * ------------------------- r - —  c a n  b e  r e a d  o f f  f r o m  t h e  e x p e r i m e n t a l
t g 0  -  t S o  1
c u r v e s  ( F i g s ,  6 . 2  t o  6 . 9 ) .  I f  t h e  c l i n k e r  t e m p e r a t u r e
e n t e r i n g  t h e  g r a t e  c o o l e r  i s  k n o w n  ( h o t  p l a n t  t r i a l s )  t h e n
t g ,  t h e  t e m p e r a t u r e  o f  t h e  a i r  l e a v i n g  t h e  b e d  a t  t h e  d i v i s i o n
b e t w e e n  t h e  f i r s t  a n d  s e c o n d  u n d e r g r a t e  c h a m b e r s ,  c a n  b e
e v a l u a t e d .  I f  t h e  l o g  m e a n  t e m p e r a t u r e  o f  t h e  a i r  l e a v i n g
t h e  b e d  i s  t h e n  w o r k e d  o u t ,  t h e  h e a t  t r a n s f e r r e d  f r o m  t h e
c l i n k e r  t o  t h e  a i r  c a n  b e  c a l c u l a t e d  a n d  t h u s  t h e  c l i n k e r
t e m p e r a t u r e  a s  i t  p a s s e s  b e t w e e n  c h a m b e r s  1  a n d  2  c a n  b e
e s t i m a t e d .  T h i s  p r o c e d u r e  m a y  t h e n  b e  r e p e a t e d  f o r  e a c h
c h a m b e r  i n  t u r n  a n d  t h u s  a  c o o l i n g  c u r v e  f o r  t h e  c l i n k e r
c o u l d  b e  b u i l t  u p  a n d  d a t a ,  s u c h  a s  e s t i m a t e d  s e c o n d a r y  a i r
t e m p e r a t u r e ,  c a n  b e  e v a l u a t e d .  A  f l o w  c h a r t  o f  t h e  c o m p u t e r
p r o g r a m  d e v e l o p e d  t o  c a r r y  o u t  t h e s e  c a l c u l a t i o n s  i s  g i v e n
i n  F i g u r e  6 . 1 0 .
T a b l e  6 . 1  g i v e s  t h e  t y p i c a l  p r e d i c t i o n s  b y  t h e  c o o l e r  
p r o g r a m .  R u n  F R C  1  i s  n o r m a l  g r a t e  c o o l e r  o p e r a t i n g  c o n d i ­
t i o n s .  R u n s  F R C  2 ,  3 ,  4 ,  5  a n d  6  a r e  r u n s  c a r r i e d  o u t  t o  
o b s e r v e  t h e  e f f e c t  o f  c h a n g e  i n  b e d  h e i g h t ,  p a r t i c l e  s i z e  
d i s t r i b u t i o n  a n d  a i r  f l o w  r a t e s  o n  c o o l e r  r e c u p e r a t i v e  e f f i -
6. 5 Mathematical Modelling of Grate Coolers
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ciency. The recuperation e ff ic ien cy  of the cooler seems 
to increase with secondary a ir  temperatures, and secondary 
a ir  temperature increased from 680°C to an average of 900°C 
fo r increase of bed height from 130 mm to 380 mm. Although 
380 mm bed height is  very high fo r  th is  p a r t ic u la r  grate 
cooler investigated during hot p lant t r ia ls ,  the concept 
that increase in bed heights increases recuperation e ff ic iency  
was simulated by the computer program.
In normal grate cooler operation 38% of to ta l  a ir  to 
the cooler is  supplied to the fron t end of the grate, that 
is No. 1 chamber, since rapid cooling of c linke r is  required 
to maintain cement strength standards. So simulation was 
carried out (Table 6.11 FRC 2, 3, 4, 5, 6) to predict the 
e ffec t of various a ir  flow d is tr ib u tion s  on ou tle t a ir  tem­
peratures .
Figure 6.11 shows the curves plotted fo r ou tle t a ir  
temperatures for various a ir  flow d is tr ib u tio n s  in the grate. 
The curves show that even d is tr ib u t io n  of a ir  flow along the 
cooler grate had very l i t t l e  e ffe c t on o u tle t a ir  temperatures 
This prediction  v e r if ie d  the a ir  model resu lts  (section 4.2.5)
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FIGURE 6.11 DiagrruiKitic Representation of Clinker Cooling with 
Various Airflow Distributions in the Crate.
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CHAPTER 7 
• CONCLUSIONS AND RECOMMENDATIONS
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(a) The water model resu lts  show that:
(1) the f i r s t  two undergrate chambers in the cooler are the
most s ig n if ica n t from the viewpoint of cooler aerodynamics. 
High a irflows through the f i r s t  chamber and low airflows  
through the second chamber w i l l  give r ise  to very marked 
flow m ald is tribu tion  in  the uptake to the k i ln  hood and 
hence, give r ise  to flame impingement problems.
(2) high a irf low  rates in to  the k i ln ,  i .e .  uprating the output
of the k i ln ,  has almost no e ffec t on co o le r/k i ln  aero­
dynamics. However, d iverting  large a ir  flows into the 
cooler exhaust duct w i l l  produce severe flow m ald is tr ibu­
tion  in the k i ln  uptake and also high energy losses.
(t>) The a ir  model results show that:
(1) the geometries of the cooler uptake and k i ln  hood deter­
mines the flame aerodynamics.
(2) changes in the d is tr ib u t io n  of a ir  flow to the undergrate 
cooler chambers do not a ffec t the k i ln  aerodynamics.
(3) the o ffse t of the cooler throat from the axis of the 
k i ln  resu lts  in a swirled secondary flow, which, under 
the flow conditions studied, caused the je t  to corkscrew. 
This was v e r if ie d  by aerodynamic plant t r ia ls .
(4) The insertion  of a b lu f f  body extension to the k i ln  
f i r in g  pipe in  the physical model of the k i ln  eliminated
7.1 Conclusions from Isothermal Modelling
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the corkscrew e ffec t and s tab ilized  the flame je t  about 
the k i ln  axis.
7.2 Conclusions from the Cold Grate Model Work 
The cold grate model resu lts  show that:
(1) hrgun 1s (62)•theore tica l pressure drop equation can' 
be used.for cement c linke r beds.
(2) the experimental minimum f lu id iz a t io n  ve loc ity  ranged 
from 1.5 to 1.67 m/sec, compared to the theoretica l value 
of 1.2 m/sec derived from Wen and Yu's (82) modified 
Ergun's (62) equation.
(3) the theoretica l minimum f lu id iz a t io n  ve loc ity  could be 
achieved experimentally, i f  the c linker bed consisted 
of monosize p a rt ic les  and bed slugging was not evident.
(4) the l im ita t io n  oh bed height in a grate cooler is fan 
capacity.
(5) the pressure drop increases with bulk densities.
7.3 Conclusions from the Hot Model Results
The hot grate model resu lts  show that
(1) heat transfer in c linke r beds is governed by forced 
convection.
(2) fo r  a typ ica l c linker bed as in the experiment in terna l 
conduction w ith in  the p a r t ic le  was n eg lig ib le .
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(3) The overall heat transfer coeff ic ien ts  calculated using 
Schumann (58) curves maintained a constant value for an 
increase in a ir  flow rates^ but they decreased for in ­
crease of bed heights.
(4) Nusselt number maintained a constant value for increase 
in p a r t ic le  Reynolds number, but decreased with increase 
of bed heights.
(5) Stanton number decreased with increase of p a r t ic le  Reynolds 
number and decreased with increase of bed heights.
(6) A general corre la tion  fo r  overall heat transfer c o e f f i ­
c ient was derived where
St = 15.46 L Re
- dP - P _
fo r  a Prandtl number of 0.62.
(7) Saunders and Ford's (60) dimensional theory, developed
for packed beds of spherical p a rt ic les , has been success­
f u l ly  used for mixed beds of c linker p a r t ic le s .
7.4 Conclusions from the Hot Plant T ria l
(1) The hot plant t r i a l  results v e r if ie d  the hot model resu lts .
(2) The t r i a l  resu lts  showed that fo r increase of bed heights, 
higher secondary a ir  temperature could be obtained.
(3) Increase of bed height increases the thermal e ff ic iency  
of grate coolers.
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(1) The mathematical model derived from Ergun’ s (62) pressure 
drop equation, combined with the general overall heat 
transfer co e ff ic ie n t re la tionsh ip  and the dimensional 
curves, should be implemented in practice to control grate 
coolers e ffe c t iv e ly .
(2) Further studies are required to derive heat transfer and 
dimensionless curves fo r monosize c linker pa rt ic les  and 
various c linker size d is tr ib u t io n s .
(3) The conclusions from the evaluation of heat transfer  
coeff ic ien ts  on c linke r cooler grates have indicated 
that polysize p a r t ic le  bed expansion is a s ig n if ica n t  
calculation variab le . Therefore, fu rther work is required 
to quantify the e ffec t of changes in p a r t ic le  size, and 
size d is tr ib u t io n  in polysize beds.
(4) Further hot and cold grate model studies are required 
with d if fe re n t types of grate (e.g. Folax grates) to 
evaluate the e ffec t of grate plate design on heat trans­
fe r and aerodynamics.
(5) Following s im ila r studies in the steel industry, changes 
were made from grate to c irc u la r  trough coolers, giving  
more e f f ic ie n t  heat transfe r. A fe a s ib i l i t y  study of 
cement c linker coolers based on s im ila r p rinc ip les  should 
be undertaken using the resu lts  presented in th is  thesis 
as sta rt ing  parameters fo r  the i n i t i a l  design.
7.5 Recommendations
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A - Area of the c linke r pa rt ic les  occupying the bed (m2)
Ap - Constant used in in tegra tion  equation
Ap - E ffective  area of c linke r p a r t ic le  fo r heat transfer (in
A' - Clinker bed area available fo r a ir  flow through grate (m
A  ^ - Area of o r i f ic e  plate (m2)
A2 - Area of pipe (m2) ;
a ,a ’ - Specific surface area of spherical, c linke r partic les
(m 2/m3)
aT - Mean specif ic  surface area of c linke r p a r t ic le  (m2/m3)
T5 4K rB -t - ----------------—-  (m 1 J
1 Cp G D2
Cp - Carmen-Lewis co e ff ic ie n t
C^  - Discharge c o e ff ic ie n t of o r i f ic e  plate
Cp - Specific heat of f lu id  (kcal/kg°C)
C - Specific heat of a ir  (kcal/kg°C)
o
C - Heat capacity of a ir  at constant pressure (kcal/kg°C)
IT
Cs - Specific heat of c linke r (kcal/kg°C)
D - Container diameter (m)
Da - Pipe diameter in o r i f ic e  plate measurements (m)
D0 - Hydraulic diameter (Northfleet cooler model) (m)
Dp - Hydraulic diameter of p a r t ic le  (m)
d - O rif ice  throat diameter (m)
dp - Mean p a r t ic le  diameter (m)
d^o - Jet nozzle diameter (a ir  model)(m)
O  c i
dQp - Jet nozzle diameter (k i ln )  (m)
d n i - Jet nozzle diameter or k i ln  diameter (m)oa re- b
This section is in alphabetical order.
d ' - Equivalent nozzle diameter ^oarib
v iPn ! 2
PF
287
E - V e l o c i t y  a p p r o a c h  f a c t o r  t o  o r i f i c e  p l a t e
G - M a s s  f l o w  r a t e  o f  a i r  ( k g / m 2 h )
G a
- E n t r a i n m e n t  f l u i d  m a s s  f l o w  r a t e  ( s e c o n d a r y  a i r )  ( k g / s )
G  1  
a
- S p e c i f i c  g r a v i t y  o f  d r y  a i r
G b
- T h e r m a l  c a p a c i t y  o f  a i r  ( k c a l / k g ° C )
G m f
- M a s s  f l o w  r a t e  o f  a i r  t o  t h e  g r a t e  a t  m i n i m u m  
f l u i d i z a t i o n  c o n d i t i o n s  ( k g / m 2 h )
G o
“ J e t  m a s s  f l o w  r a t e  i n  m o d e l  ( p r i m a r y  a i r ) ( k g / s )
g c
- A c c e l e r a t i o n  o f  g r a v i t y  ( m / s 2 )
h - O v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  ( k g / m 2 h ° C )
h D
“ V e l o c i t y  h e a d  ( n W g )  ( P i t o t  t u b e . )
hs - S t a t i c  h e a d  ( M W g )  ( P i t o t  t u b e )
h ? - U - t u b e  r e a d i n g  o f  o r i f i c e  p l a t e ,  a i r  m o d e l ,  
p r i m a r y  a i r  C ' W g ) .
h" - U - t u b e  r e a d i n g  o f  o r i f i c e  p l a t e ,  a i r  m o d e l ,  
s e c o n d a r y  a i r  ( M W g )
h i » « - U - t u b e  r e a d i n g  o f  o r i f i c e  p l a t e ,  g r a t e  m o d e l  ( " W g )
i “ P a r t i c l e  s i z e  i n t e r v a l
J - B a r o m e t r i c  p r e s s u r e  ( m m  H g )
J o
- B e s s e l  f u n c t i o n
k - T h e r m a l  c o n d u c t i v i t y  ( k c a l / h m ° C )
k s
“ T h e r m a l  c o n d u c t i v i t y  o f  c e m e n t  c l i n k e r  ( k c a l / h m ° C )
k f ’ k g
- T h e r m a l  c o n d u c t i v i t y  o f  f l u i d ,  a i r  ( k c a l / h m ° C )
k
a
“ J e t  s h a p e  f a c t o r
k 3
- O r i f i c e  p l a t e  e q u a t i o n  c o n s t a n t
L - C l i n k e r  b e d  h e i g h t  ( m )
L
a  o r b "
M o d e l  o r  k i l n  t u b e  r a d i u s  ( m )
- A i r  m o d e l  t u b e  r a d i u s  ( m )
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L b  -  K i l n  e n c l o s u r e  r a d i u s  o r  h a l f  w i d t h  o f  j e t  e n c l o s u r e  ( m )
L g  -  E f f e c t i v e  p a t h  l e n g t h  o f  a i r  t h r o u g h  t h e  c l i n k e r  b e d  ( m )
M ,  M £ -  E x p o n e n t  o n  p a r t i c l e  R e y n o l d s  n u m b e r
m  -  S i m i l a r i t y  p a r a m e t e r
 1___________
o r i f i c e  a r e a  
p i p e ~ a r e a
m n
M o l e c u l a r  w e i g h t  o f  g a s
m o  ' M o m e n t u m  f l u x  ( k g / m  h )
N C o n s t a n t
n C o n s t a n t  v a r i e s  b e t w e e n  0 . 8  a n d  1 . 0
P P r e s s u r e
P a  ' W e t t e d  p a r a m e t e r  o f  t h e  c l i n k e r  b e d
P b  - C o n s t a n t  u s e d  i n  L a p l a c e  t r a n s f o r m a t i o n
P c  " P r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  o r i f i c e  p l a t e ( k g  f / n v
P D
D y n a m i c  p r e s s u r e  o f  a i r  i n  m o t i o n  ( k g  f / m 2 )
P v  - C u m u l a t i v e  d i s t r i b u t i o n  o f  c l i n k e r  p a r t i c l e
P1 ’P2“ A b s o l u t e  p r e s s u r e ,  u p s t r e a m  a n d  d o w n s t r e a m  o f  
t h e  o r i f i c e  p l a t e  ( k g  f / m 2 )
a i r  t o
A P P r e s s u r e  d r o p  ( c l i n k e r  b e d )  ( k g  f / m 2 )
A P w P r e s s u r e  d r o p  ( c l i n k e r  b e d )  a t  m i n i m u m  f l u i d i z a t i o n  
v e l o c i t y  ( k g  f / m 2 )
Q H e a t  l i b e r a t e d  f r o m  c l i n k e r  b e d  ( k c a l / m 2  h )
Q' - V o l u m e t r i c  f l o w  o f  p r i m a r y  a i r  ( a i r  m o d e l )  ( N m 3 / h )
Q" - V o l u m e t r i c  f l o w  o f  s e c o n d a r y  a i r  ( a i r  m o d e l ) ( N m 3  / h )
Q™ V o l u m e t r i c  f l o w  o f  a i r  t o  t h e  g r a t e  m o d e l  ( N m 3 / h )
R
( U  -  U  ) r  2  
o  a 7  o
U  ( L  6 ) 2  + ( U  -  I M  r  2  ' 
a k  a  o r  b  J 1  o  u a ^  o
R a  "
C o n s t a n t s  o f  r e l a t i o n s h i p  S t a n t o n  v s .  p a r t i c l e  R e y n o  
n u m b e r
R e p  - P a r t i c l e  R e y n o l d s  n u m b e r
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r ob ~ Nozzle radius (k iln )  (m)
(r ) , -  A ir model or k i ln  nozzle radiusv oJ a or b
Sp - Thermal capacity of c linke r (kcal/kg °C)
S' - Available flow cross-section of the vessel (m2)
T - Absolute temperature °R
Ym ~ Temperature under flowing condition in a pipe ( ° K )
T - Transformed variable of solid  temperature
T - Transformed variable of gas temperature
o
t  - Temperature at any point in the bed (°C)
t  - Outlet a ir  temperature in c linker bed (°C)c>
t  - In le t  a ir  temperature in c linker bed (°C)
t  - Clinker temperature (°C)
t  - I n i t i a l  c linke r temperature (°C)
U - A ir  ve loc ity  to the c linke r bed (m/sec)
Ua - Entraining f lu id  ve loc ity  (secondary a ir )  (m/sec)
Up - Velocity of gas flow through pipe of diameter Da (m/sec)
Up - Dynamic ve loc ity  (m/sec)
Ue - Mean a ir  ve loc ity  through the c linke r bed (m/sec)
Um£ “ Minimum f lu id iz a t io n  ve loc ity  (m/sec)
UQ - Jet f lu id  ve loc ity  (primary a ir )  (m/sec)
Up - Velocity at which bed pressure drop values deviate
1 from theoretica l values (m/s)
V - Volume of c linker bed (m3)
Vp - Velocity of a ir  measured by p i to t  tube (m/sec)
V - Mean ve loc ity  calculated on the area Al of the
1 o r i f ic e  for the measured pressure (m/s) difference
P across the cons tr ic t ion  c
roa “ Nozzle radius (air model) (m)
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Y  -  T r a n s f o r m  p o s i t i o n  v a r i a b l e
Y '  -  E x p a n s i o n  f a c t o r  o f  g a s  b a s e d  o n
u p s t r e a m  d e n s i t i e s  o f  o r i f i c e  p l a t e
Z  -  T r a n s f o r m  t i m e  v a r i a b l e
W - Weight of clinlcer bed (kg)
G r e e k  s y m b o l s
e  -  B e d  v o i d a g e
e m p  -  B e d  v o i d a g e  a t  m i n i m u m  f l u i d i z a t i o n
v e l o c i t y
-  D e n s i t y  o f  e n t r a i n i n g  f l u i d  ( k g / m 3 )
p g  -  P a r t i c l e  b u l k  d e n s i t y  ( k g / i n 3 )
( p , P 1 , P 2 , P  ) , P r  -  D e n s i t y  o f  a i r ,  d e n s i t y  o f  f l u i d  ( k g / m 3 )
p p  -  D e n s i t y  o f  a i r  a t  f l a m e  t e m p e r a t u r e  ( l c g / m 3 )
p s a v ’ p s  "  D e n s i t y  o E  c l i n k e r ,  d e n s i t y  o f  s o l i d  ( k g / m 3 )
P v  -  W e i g h t  o r  v o l u m e  o f  d i s t r i b u t i o n  o f
c l i n k e r  d i s t r i b u t i o n  o f  p a r t i c l e s
P Q  -  D e n s i t y  o f  j e t  f l u i d s  ( p r i m a r y  a i r ) ( k g / m 3 )
a  1  ,  0  '  ,  y  '  ,  c o  * -  N o t a t i o n s  i n  t h e  p r e s s u r e  d r o p  d i a g r a m
a p  -  T h e r m a l  d i f f u s i v i t y  ( m 2 / h )
< J ) , c f > s  -  P a r t i c l e  s h a p e  f a c t o r
0  -  T h r i n g  a n d  N e w b y  p a r a m e t e r
0 Q  -  C l i n k e r  p a r t i c l e  c o o l i n g  t i m e  ( s e c . )
0 1 -  A n g l e  o f  a v e r a g e  a i r  f l o w  t h r o u g h  t h e  b e d
( y p  y . j : ) , p  -  D y n a m i c  v i s c o s i t y  o f  f l u i d ,  a i r  ( k g / m . s )
y ! , y s  -  D e v i a t i o n s  f r o m  g a s  l a w s  u n d e r  u p s t r e a m
a n d  s t a n d a r d  c o n d i t i o n s
t  -  C l i n k e r  r e s i d e n c e  t i m e  ( s e c . )
6 - Boundary layer thickness
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p a r t i c l e s  i n  p a c k e d  b e d s "
C h e m .  E n g .  P r o g .  M ,  2 4 7 - 2 5 3  ( 1 9 5 2 ) .
9 6 .  K U N I  D .  a n d  S U Z U K I  M .
" P a r t i c l e  t o  f l u i d  h e a t  a n d  m a s s  t r a n s f e r  i n  p a c k e d  
b e d s  o f  f i n e  p a r t i c l e s "
I n t .  J .  H e a t  a n d  M a s s  T r a n s f e r  1 0 ,  8 4 5 - 8 5 2  ( 1 9 6 7 ) .
9 7 .  B O E L T E R  L . M . K .  a n d  D I T T U S  F . W .
U n i v e r s i t y  o f  C a l i f o r n i a  P u b l i c a t i o n  i n  E n g i n e e r i n g  
2 ,  4 4 3  ( 1 9 3 0 ) .
9 8 .  L E V A  M .
" H e a t  t r a n s f e r  t o  g a s e s  t h r o u g h  p a c k e d  t u b e s "
I n d .  E n g .  C h e m .  g j ,  8 5 7  ( 1 9 4 7 ) .
9 9 .  L E V A  M . ,  W I N T R A U B  M . ,  G R U M M E R  M .  a n d  C L A R K  E . L .  
" C o o l i n g  o f  g a s e s  t h r o u g h  p a c k e d  t u b e s "
I n d .  E n g .  C h e m .  4 2 ,  2 4 9 8  ( 1 9 5 0 ) .
1 0 0 .  L E V A  M . ,  W I N T R A U B  M . ,  G R U M M E R  M .  a n d  C L A R K  E . L .
" C o o l i n g  o f  g a s e s  t h r o u g h  p a c k e d  t u b e s "
I n d .  E n g .  C h e m .  4 Q ,  7 4 7  ( 1 9 4 8 ) .
1 0 1 .  S C H L I C H T I N G  H .
" B o u n d a r y  l a y e r  t h e o r y "
M c G r a w - H i l l ,  N e w  Y o r k  ( 1 9 5 5 ) .
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1 0 2 .  P A I  S . I .
" F l u i d  d y n a m i c s  o f  j e t s "
V a n  N o s t r a n d ,  N e w  Y o r k  ( 1 9 7 4 ) .
1 0 3 .  T U R I N G  M . W .  a n d  N E W B Y  M . P .
" C o m b u s t i o n  l e n g t h  o f  e n c l o s e d  t u r b u l e n t  j e t  f l a m e s "  
4 t h  S y m p o s i u m  ( I n t e r n a t i o n a l )  o n  C o m b u s t i o n  
W i l l i a m s  a n d  W i l k i n s ,  B a l t i m o r e ,  7 8 9 - 7 9 6  ( 1 9 5 3 ) .
1 0 4 .  C R A Y A  A .  a n d  C U R T E T  R .
C . R .  A c a d .  S c i .  2 4 1 ,  6 2 1 - 6 2 2  ( 1 9 5 5 ) .
1 0 5 .  B E C K E R  H . A .
" C o n c e n t r a t i o n  f l u c t u a t i o n s  i n  d u c t e d  j e t  m i x i n g "
S c . D .  T h e s i s ,  M a s s  I n s t .  T e c h . ,  C a m b r i d g e  ( 1 9 6 1 ) .
1 0 6 .  C A R M E N  P . C .
T r a n s .  I n s t .  C h e m .  E n g r s .  ( L o n d o n )  I f r ,  1 5 0 - 1 6 6 , ( 1 9 3 7 ) .
1 0 7 .  L E W I S  W . K . ,  G I L L I L A N D  E . R .  a n d  B A U E R  W . C .
I n d .  E n g .  C h e m .  C L ,  1 1 0 4 - 1 1 1 7  ( 1 9 4 9 ) .
1 0 8 .  L E V A  M . , W E I N T R A U B  M . ,  G R U M M E R  M . ,  P O L L C H I K  M .  a n d  
S T O R C H  H . H .
U . S .  B u r .  M i n e s  B u l l .  5 0 4  ( 1 9 5 1 ) .
1 0 9 .  W E N  C . Y .  a n d  Y U  Y . H .
" M e c h a n i s m s  o f  f l u i d i z a t i o n "
C h e m .  E n g .  P r o g r . - S y m p .  S e r i e s  6 2 ,  1 0 0 - 1 1  ( 1 9 6 6 ) .
1 1 0 .  M O L E S  F . D .  a n d  J E N K I N S  B . G .
" A  s t u d y  o f  t h e  a e r o d y n a m i c s  a n d  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  o f  t h e  F u l l e r  g r a t e  c o o l e r s  a t  N o r t h  
F l e e t  W o r k s "
( I n t .  R e p o r t )  ( U n i v .  o f  S u r r e y )  C E - R D - 2 3 ,  S e p t .  ( 1 9 7 3 ) .
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1 1 1 .  J E N K I N S  B . G .  a n d  M A N U E L P I L L A I  D . P . I .
" A e r o d y n a m i c  e f f e c t s  i n  t h e  b u r n i n g  z o n e  o f  S o u t h  
F e r r i b y  W o r k s  N o .  2  k i l n "
( I n t .  R e p o r t )  ( U n i v .  o f  S u r r e y )  F T - R D - 6 1 ,  M a r c h  ( 1 9 7 9 ) .
1 1 2 .  M A N U E L P I L L A I  D . P . I .  a n d  M O L E S  F . D .
" C o l d  a e r o d y n a m i c  t r i a l s  o n  N o .  2  k i l n  a t  S o u t h
F e r r i b y  W o r k s  8 - 9  M a y  1 9 7 9 "
( I n t .  R e p o r t )  ( U n i v .  o f  S u r r e y )  F T - R D - 6 5 ,  M a y  ( 1 9 7 9 ) .
1 1 3 .  M A N U E L P I L L A I  D . P . I . ,  J E N K I N S  B . G .  a n d  M O L E S  F . D .  
" F l u i d i z a t i o n  p r o p e r t i e s  o f  S o u t h a m  W o r k s  c l i n k e r "
( I n t .  R e p o r t )  ( U n i v .  o f  S u r r e y )  F T - R D - 7 1 ,  S e p t  ( 1 9 8 0 ) .
1 1 4 .  J E N K I N S  B . G .
" H e a t  t r a n s f e r  i n  r o t a r y  c e m e n t  k i l n s "
P h . D .  T h e s i s  ( U n i v .  o f  S u r r e y ,  G u i l d f o r d ) ,  S e p t  ( 1 9 7 6 ) .
A P P E N D I C E S
A P P E N D I X  A
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R e y n o l d s  n u m b e r  i s  a  d i m e n s i o n l e s s  c r i t e r i o n  w h i c h  p e r ­
m i t s  c o m p a r i s o n  b e t w e e n  t h e  r e s u l t s  o f  o b s e r v a t i o n s  m a d e  i n  
g e o m e t r i c a l l y  s i m i l a r  i n s t a l l a t i o n s ,  i . e .  t h e  r e a l  c o o l e r  
a n d  m o d e l .
T h e  p h y s i c a l  c o n d i t i o n s  g o v e r n i n g  t h e  f l o w  w i l l  d e p e n d  o n
( 1 )  t h e  d i a m e t e r  o f  t h e  p i p e  w h e n  t h e  f l o w  i s  c o n s i d e r e d  ( D a ) ;
( 2 )  t h e  m e a n  v e l o c i t y  c o r r e s p o n d i n g  t o  C ‘ D a )  ;
( 3 )  t h e  d e n s i t y  o f  t h e  f l u i d  ( p  ) ;
o
( 4 )  t h e  a b s o l u t e  v i s c o s i t y  ( y )  .
D a  U b  P g
S o  R e y n o l d s  n u m b e r  =   —
V
T o  o b t a i n  d y n a m i c  s i m i l a r i t y  t h e  R e y n o l d s  n u m b e r  o f  t h e  
p r o t o t y p e  a n d  m o d e l  s h o u l d  b e  i n  t h e  t u r b u l e n t  r e g i o n .
F o r  t h i s  R e  >  2  x  1 0 1* i n  m o d e l .
A 2 .  C a l c u l a t i o n  o f  H y d r a u l i c  D i a m e t e r  o f  t h e  C o o l e r  M o d e l  
( w a t e r  m o d e l )  ( D e )
T h e  c o o l e r  a r e a  o v e r  t h e  m e s h  i s  c o n s i d e r e d .
T T  j  j .  .  4  x  c r o s s - s e c t i o n  a r e a  o f  c o o l e r
H y d r a u l i c  d i a m e t e r  =  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
l e n g t h  o f  w e t t e d  p e r i m e t e r  
C a l c u l a t i o n  o f  c r o s s - s e c t i o n  a r e a  o f  t h e  c o o l e r  m o d e l :
A l . Reynolds Number in Water Model Work
a i r
t o
k i l n
w a s  t e  
a i r
A r e a  a  
--------------------------------------------------------------------------------------------------------------------------
A r e a  b
Fuller cooler model
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C o n s i d e r i n g  t h e  c u r v e d  a r e a  ( a )  =  \  x  f r 2
w h e r e  d i a m e t e r  =  1 2 5  m m
s o  a r e a  =  }  x  tt x
12 5 2
4
=  6 1 3 5  m m 2  
=  0 . 0 0 6 1  m
C o n s i d e r i n g  t h e  r e c t a n g u l a r  a r e a  ( b )  =  l e n g t h  x  w i d t h
w h e r e  l e n g t h  =  8 0  m m
w i d t h  =  1 2 5  m m  
8 0  x  1 2 5
s o  a r e a
1 0 0 0 x 1 0 0 0  
=  0 . 0 1  m 2
S o  t o t a l  a r e a  ( a  +  b )  -  0 . 0 0 6 1  +  0 . 0 1
=  0 . 0 1 6 1  m 2
S o  c r o s s - s e c t i o n  a r e a  o f  t h e  c o o l e r  m o d e l  =  0 . 0 1 6 1  m 2
C a l c u l a t i o n  o f  l e n g t h  o f  w e t t e d  p e r i m e t e r :
C o n s i d e r i n g  ( a )  =  r e r
1 2 5
= TI X --------2
=  1 9 6 . 3  m m  
= 0 . 1 9 6  m
C o n s i d e r i n g  f b )  =  -  —  -  =  0 . 0 8  m
1000
T o t a l  ( a  +  b )  =  0 . 1 9 6  +  0 . 0 8
=  0 . 2 7 6  m
S o ,  u s i n g  e q u a t i o n  h y d r a u l i c  d i a m e t e r  =  0 4 9 4
0 . 2 7 6
De = 0.23 m .
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D i a m e t e r  o f  k i l n  m o d e l  =  0 . 2 1 6  m
D i a m e t e r  o f  c o o l e r  m o d e l  =  0 . 2 3 0  m
S o ,  i f  w e  a s s u m e  R e y n o l d s  n u m b e r  o f  4  x 1 0 b  i n  m o d e l  t o
m a i n t a i n  d y n a m i c  s i m i l a r i t y
1 0 b  x  4  x  1  x  1 0 " 2
A3. Calculation of Total Flow Through Cooler (water) Model
C o o l e r  f l o w  v e l o c i t y
D e  x  0 . 9 9 8
4 0 0 .  8  
De
s o  m a x i m u m  v e l o c i t y  t h r o u g h  c o o l e r  =  ' 8  m / s e c .
0 . 2 3
1 7 4 2  m / s e c .
V o l u m e t r i c  f l o w  r a t e  t h r o u g h  c o o l e r  =  1 7 4 2  x  - ( P . * ^  j )  x
4
=  7 2 . 3 8  m 3 / s e c .
=  4 3 4 2 . 6  m 3 / m i n .
=  4 3 4 . 2 6  l i t / m i n .
A 4 .  F l o w  M e a s u r e m e n t s  i n  t h e  A i r  M o d e l
A 4 . 1  P i t o t  M e a s u r e m e n t s
T h e  e q u a t i o n  f o r  t h e  d y n a m i c  p r e s s u r e  o f  a i r  i n  m o t i o n  i s  
p „  V 2
D
  (A .l)2SC
H e n c e ,  t h e  v e l o c i t y  c o r r e s p o n d i n g  t o  t h i s  d y n a m i c  p r e s s u r e  i s
V D  =  / M v f . 5    ( A .  2 )
P g
T h i s  i s  t h e  b a s i c  e q u a t i o n  f o r  a  p i t o t  t u b e .
By substituting values into this equation
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Vn = ^ °  / s o  x _ i :  X- : : 4 P C 7 I  h ..........  ( A . 3 )
D  6 0  J  5 2 8  4 0 8  + h s  D
I f  h c  <  1 0 "  w g  t h e  t e r m  — —  m a y  b e  n e g l e c t e d  w i t h  
s  4 0 8  +  h s
l e s s  t h a n  1 %  i n a c c u r a c y .
T h e t o t a l  a d d i t i v e  e r r o r s  f r o m a l l  c a s e s  * m a y  b e  l i s t e d
( 1 ) S t a t i c  p r e s s u r e  n e g l e c t e d
■iJ L  6
( 2 ) M i s a l i g n m e n t  -  Y a w
1  1 o.1  2 o
( 3 ) M i s a l i g n m e n t  -  P i t c h
T  1 9.
± 2 0
( 4 ) T u r b u l e n c e L 2 0
( 5 ) P r o b e  s i z e - L  o
( 6 ) C o m p r e s s i b i l i t y  e f f e c t s
0 1 %  L 2 0
H e n c e ,  t h e  t o t a l  e r r o r s  ( w o r s t  c a s e )  a m o u n t  t o  a r o u n d  ± 1 0 % ,  
b u t  a r e  f r e q u e n t l y  l o w e r  t h a n  t h i s .
A 4  . 2  O r i f i c e  P l a t e  M e a s u r e m e n t s
T h e  c o r r e s p o n d i n g  e q u a t i o n  f o r  a n  o r i f i c e  p l a t e  i s
V c  =  C d  x  E  x    ( A .  4 )
g
w h e r e  V c  i s  t h e  m e a n  v e l o c i t y  c a l c u l a t e d  o n  t h e  a r e a  A - ^  
o f  t h e  o r i f i c e  f o r  t h e  m e a s u r e d  p r e s s u r e  d i f f e r e n c e  P c  a c r o s s  
t h e  c o n s t r u c t i o n .
C ^ ,  t h e  c o r r e c t e d  d i s c h a r g e  c o e f f i c i e n t  o f  t h e  o r i f i c e ,  
i s  b a s e d  o n  p r a c t i c a l  m e a s u r e m e n t s  o n  e a c h  p a r t i c u l a r  f o r m  
o f  c o n s t r u c t i o n  w i t h  t h e  p r e s s u r e  d i f f e r e n c e  m e a s u r e d  a t  t h e  
t w o  t a p p i n g  p o i n t s .
C j ,  f o r  a  s q u a r e  e d g e d  o r i f i c e  i s  u s u a l l y  a b o u t  0 . 6 .
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In practice, for orifice plate formula following non- 
consistent units are used. With gases the density may a l ­
ternatively be expressed in terms of specific gravity, G1 
referred to dry air. This requires the inclusion in the 
formula of the absolute temperature at orifice or throat.
The term, y s /yi viscosity of air at standard and u p ­
stream conditions should be included in the equation to allow 
deviations from gas laws, especially when gases are metered 
in high pressure. But y / y x for air is 1. So, basic equation 
for orifice plate is:
I /P i y /Pressure
Volumetric flow rate = k 3 Cd E Y 1 d 2 ■ — - - ■ / — ---- /difference in
/GTa / Tm Vj /  practical units
  (A.5)
A 5. Calculation of Craya-Curtet Parameter for Air Model W o r k 
Kiln data
Primary air flow rate (mass) = 1.726 kg/s.
Primary air flow rate (volume) = 1 . 4 9 2 N m 3/s
1 4 q ? y 4Primary air velocity (U ) = — !-------------
° TT x (0.15 2) 2
= 82.2 m/s
Secondary air flow rate (mass) = 10.77 kg/s
Secondary air flow rate (volume) = S 0 0 N m 3/s
500 x 973 x 4Secondary air velocity (U ) = -----------------------------  m/s
a 273 x tt x (3.46)2 x 60
= 3 .16  m / s .
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7
m = -  -d i i2 + R + R'
' ^ ob '
Lb J
( see  s e c t i o n  3 , 1 )
where
R
(U - U ) r 2ov o
U L 2 + (U - U ) r 2 a b  ^ o a J o
(A. 6)
rob = °-076 m
Lb = 1.73 m
R =
(82.2 - 3.16) (0.076)
3.16 (1,73)2 + (82.2 - 3.16)(0.076)
= 0,04605
So, ' m = - 1.5 (0.04605) 2 + 0.04605 + I P-T-P-4 6 PP1
' 0.076 u
1 1.73
= 1.1416 (no recirculation).
A6. Calculation of Air Model Nozzle Diameter
Geometrical similarity
f rob 1 roa )
‘ 2L,  ^ 2L„ JD kiln <£ model
(A.7)
where
rQ a = nozzle radius (kiln) = 0.076 m
2L = diameter of kilnd = 3.46 m
So ’ rotJ
l 2 L b J
= 0^076 
kiln 3.46
( A . 8)
= 0 . 0 2 2 0
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Using equation (A.7) above 
r,oa
2L
= 0.0220 ( A. 9)
model
oa = 0,0220
3.46
24
r = 0.0220 x moa 24
= 0.0032 m 
= 3.2 mm
Nozzle diameter (model) = 3 . 2  mm
= 0.32 cm
A 7. Calculation of M a ximum Secondary Air Flow in the Air Model
By opening the valve of the secondary air flow pipe 
to maximum, the reading on the U-tube was recorded at 19.8 cm 
water gauge (7.8 . i n  water gauge). Thus, using the orifice 
plate flow equation,
Q" = k, C. E Y, d 2 — —  V .....  (A. 10)
where E = 1.017
Y 1 ■ 0.99
IIca
ft 1
CN
II 4028
v s / v i - 1
Tm = 21°C = 294
P 1 “ 30 in. Hg.
315
Q" = 4028 x .61 x 1.017 x O .  99 x (0.843)2 x 1 x /7T8 f t 3/h
/ 294
  (A.11)
= 1568. 4 f t 3/h 
= 4 4.4 1 N m 3/h
We can e s t i m a t e  t h e  maximum s e c o n d a r y  f low
A 8• Calculation of Primary Air Flow to the Air Model
If we are to maintain equality of the Craya-Curtet p a r a ­
meter between the model and kiln, then since is equal
in both systems. We can use equation
(UQ - U ) r 2
R = -----2----- ---— -21.......  .....  (A.12)
U L 2 + (U - U ) r 2 a a k o a ; oa
r = 0,33 cm oa
R = 0.04605 
U = 0.677 m/sct
L = 7.22 m a
So substituting in (A.12)
(U - 6 7 . 7 ) ( 0 .33)2
0.04605 =
67 . 7 (7 . 22) 2 + (U - 67.7) (0.33)
0.1 U - 67.7 x 0.1
0.04605 =
3529 + 0.33 U Q - 67.7 x 0.33
0.04605 x 3529 + 0.33 x 0.04605 U Q - 67.7 x 0.04605 x 0.33
= 0.1 U - 67.701 o
162.5 + 0.015 U Q - 1.029 = 0.1 U Q - 6.77
0,015 U - 0.1 U = 1.029 - 6.77 - 162.5 o o
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U 164,  5
0 . 0 8 5
= 1935 cm/s 
So primary air velocity = 19.35 m/s
Primary air volumetric flow rate = 19.35 x —  xit __ f 0 .6 6  Yx 3600Nm3/h100 j
= 2 . 2295 Nm3 / h
The small calculated model nozzle size required that a high 
pressure air supply was used (50 p s i g ) , thus converting this 
volumetric flow rate to compressed air at 17 psig after pipe 
l o s s e s :
thus, flow rate = 1 . 9 7 5 N m 3/h 
Using the installed orifice plate
2g'
Q ’
Cd Y E A x (A.13)
= 1.292
2 x 9. 81
1.9730
3600 x 0.99 x 1.0357 x 3.6 x 10'
= 0.1452 k g / m 2
= 0.0145 cm H 20 or 0.0057 in H J
This value was too low for practical considerations, thus 
the orifice plate was changed to one with a 0.2" diameter 
o r i f i c e .
Proceeding with the same calculations, this gave a 
pressure drop of
h ’ = 4 , 6  cm H20,
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A9. C a l c u l a t i o n  o f  S ec o n d a r y  A i r  Flow A f t e r  C o o l e r  Chamber
A l t e r a t i o n s  i n  t h e  A i r  Model
where
E = 1.017 
Yp = 0.99 
G a T = 1.0 
k 3 = 4028 
y s/ y l = 1.0
Tm = 21°C = 2 94°K 
Pp = 30 in. Hg.
Before alterations of chambers without small fan (hM ) = 24 c m H 20 
After alterations of chambers with small fan (h") = 6 . 5  cm 1120 .
Note: These are pressure readings of orifice nlate.
The Martindale fan supplies (Figure 4.3), the air 
for the first chamber, the centrifugal fan supplied 
air for rest-of the chamber.
Before alterations.
Q" = 402 8 x 0. 61 x 1.017 x 0.99 x (0 . 843) 2 j  /2T6
Thus, the total flow rate from the main fan to chambers 
2, 3,4, 5 according to orifice plate is 2 5 . 6 4 N m 3/h.
The equivalent flow rate according to rotameters = 1 2 N m 3/h. 
This difference indicates that pressurising the chambers 
increases the flow rate.
(A.14)
= 2 5 . 6 4 N m 3/h (A. 15)
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25.64 _ /276
Q«
25.64
17.0
✓h17 =
/h"
✓276
/E77
✓276 x 17
25,64
(A.16)
h n = 1.14 in H 20
APPENDIX B
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B I . Derivation of a Practical Equation for an Orifice Plate 
Measuring Inlet Air Flow to Cold Model
Diameter of air flow pipe = 6.0" (D )
Diameter of orifice plate = 5.0" (d)
The following formula was used
Q " ’ = 7859 x CH Y d 2 E x / h " 1 x /  ~    (B.l)I 1 ±  L l  l i A f  I I '  -A. /  F p -u v Iin
where Q" ’ - rate of flow f t 3/m
- coefficient of discharge 0.6 
m a - d 2/D 2a = 0.69 
Y x - 0.99
1 1. E ---------------       = 1.79
/I - m* / 1 - 0.69ci
h ™  - differential pressure inches of water at 60 F 
P^ - absolute pressure of air 
T - absolute temperature of air
Substituting in B.l
Q ,M = 5754 x 0.6 x 0. 99 x 5 .0 2 x 1.79 x / --5-‘-Q6 /h'
V 520
Q"' = 26028 /E177- (ft3 /min)
B 2. Calculation of Fixed Bed Voidage
Clinker particle density = 2.252 kg/1.
Clinker bulk density = 1305 k g / m 3
W
So, fixed bed voidage (e) = 1 -       (B.2)
V P c p s - pf )
= 1 - 1305 ---------- --------
(2252 - 1.2045)
= 1 - 0 .5 8
= 0 . 4 2
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The theory below defines the size distribution of a 
mixed particle  bed.
Let Py = volume fraction (or weight fraction or number fraction  
of particles  smaller than size d^
Let Py d(d.p) = volume fraction (or weight fraction or number
fraction) of part ic l es  of size between d and
P
(dp + d (dp) ).
From the part icle  distribution curve (Fig. B.la+b) i t  shows 
that P- gives the volume (or weight or numbers) distribution  
of part icles  d i re c t l y  and has units of reciprocal length,  
whereas P gives the cumulative distribution of sizes and is 
dimensionless.
The relationship between p  ^ and Pv is found by con­
sidering part icles  of any particular size dp  ^ for which
B3. C l i n k e r  P a r t i c l e  D i s t r i b u t i o n
or
vl
Pvl
d Pv
d ( d i f r
(B.3)
P
■dpvl
Pv d (dp )   (B.4)
0
For a discrete distribution of part icles  with equal or 
unequal intervals of size we have the situation as in Fig.la+b  
which relates ' between pv and Py at any dp^, given by 
Ap,V
Ad
P^
(B. 5)
Pvi - I (Py Adp ) .   (B.6)
(l
en
gt
h)
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I
Figure B .l a+b  Gr a p h  of the t h eo r y  of p a r t i c l e  d i s t r i b u t i o n  
i n •a m i x e d  p a r t i c l e  bed
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where x^ is the fraction of material in size entered in i.
Table B.l gives the clinker particle distribution in 
the test bed.
Table B.l Clinker particle distribution in test bed before 
fluidization
= I x i    (B • 7)
Sieve size (mm) Weight percentage
1 6. 0< 25.3
16.0 - 11.2 14.3
11.2 - 8.0 20. 9
8.0 - 5.6 20. 6
5.6 - 1.4 18.2
1.4 - 710pm 0.034
710pm- 500pm 0.017
<500 m 0.7
1 6. 0< 17.73
16.0 - 11.2 11.04
11.2 - 8.0 18.0
8.0 - 5.6 27.7
5.6 - 1.4 25.0
1.4 - 710pm 0.0
710 m- 500pm 0.0
< 500pm 0.4
3 24
Ta b l e  B.2 Cu mul a t i ve  w e i g h t  o f  a r e p r e s e n t i n g  t e s t  sample
Particle diameter 
(mm)
Cumulative weight of 
a representing 2189 g 
sample
0.5 0.0
0.7 0.0
1.4 550.0
5.6 1160.0
8.0 1556.0
11.2 1799.0
16.0 2189.0
B4. Determination of Mean Diameter of Mixed Size Particles
Many averages or means of particle diameter must be defined,, however, for 
pressure drop in flow through beds, the surface area and 
shape must be defined, such that for a given mass of solid 
the surface area remains unchanged. Thus, using the size 
distribution, we define the mean specific surface, a'
where
rdpinax
a'p d (d ) v A p 7 (B. 8 )
rdPmax 6
v a ;  Pv d cv
d p /ii ax v
dp v
d Cdp ) (B.9)
For  a d i s c r e t e  d i s t r i b u t i o n  mean s p e c i f i c  s u r f a c e ,
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a l l  i
a ’ = l  a ' i  (pv A V i (B.10)
a l l  i
a l l  i
(pv A V i
pi
a* =
I
x
c T  
P 7
(B.11)
Since the mean spe ci f i c  surface is  defined in terms of 
mean diameter is
‘t’s dp
CB. 12)
Substituting this into Equation (B.9)
d =
<l>s a p max
v
P
d Cd )
a l l  i
V (p Ad )./d  L s pyi' pi
al l  i
(B.13)
Table B.3 Calculation of
4pi
particle
diameter
(mm)
d . 
Pi
(mm)
Weight fraction  
in interval
(p s A dp ) a = xp
r x4 -
- Dpi i
0.5 - 0.7 0.0 (0.00 - 0.00)/2189 = 0.0 0.0/0.6 = 0.0
0.7 - 1.4 1.05 (550 - 0 .00 ) / 218 9 = 0.25 0.25/1.05 = 0.24
1.4 - 5.6 3.5 (1160 - 550) /2189 = 0.28 0.28/3.5 = 0.08
5.6 - 8.0 6.8 (1556 - 1160)/2189 = 0. 18 0.18/6.8 = 0.026
8.0 - 11. 2 9.6 (1799 - 1556 )/2189 = 0.11 0.11/9.6 = 0.0115
11.2 - 16.0 13.6 (2189 - 1799)/2189 = 0.18 0.18/13.6 = 0.0132 
0. 371
O  fi fi
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a r e a :
Figure B.3 Determination of specific surface area 
of clinker particles (graphically)
328
So mean diameter of the clinker particle (d ) = — — —
p 0.371
= 2.695 mm
B 5. Particle Size Distribution of Clinker Bed After 
Fluidization Investigation
The clinker particle size distribution after fluidization 
was investigated by sieve analysis (Table B.4).
Table B.4
S u b s t i t u t i n g  i n  E q u a t i o n  (B.13)
Sieve size 
(mm)
Weight percentage
(0O
16.0< 12.8
16.0 - 11.2 9.1
11.2 - 8.0 13,8
8.0 - 5.6 22.2
5 . 6 -  1.4 37.9
1.4 - 710ym 2.18
710 m - 500ym 0.4
< SOOyrn 1.63
B6. Particle Size Distribution of .Elutriated clinker 
Particles
The size distribution of clinker particles blown out 
of the test rig is given below in Table B.5.
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T a b l e  B.5
Sieve size 
(mm)
Weight percentage
c n
>1.4 21,9
1.4 - 710ym 17.7
710ym - 500ym 12.2
< 500ym 48.2
B 7 . Calculation of Fixed Bed Weight and Equivalent Pressure 
Drop
The fixed bed height = 0.12 m
Both volumes of material = 0.84 x 0.335 x 0 . 1 2 m 3 
Bulk density of clinker = 1305 k g / m 3 
Bed weight = 1305 x 0.84 x 0.335 x 0.12 
= 367.2 x 0.12 kg 
= 44 kg.
Cross-sectional area of bed = 0.84 x 0.335 m 2
= 0.28 m 2
Pressure drop equivalent to bed weight (APw) = — -4—
0.28
= 157 kg/m2
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B 8 . Calculation of Theoretical Pressure Drops
Ergun^4(pressure drop equation was used (see section 3.3.4)
AP
L
1000 < Re < 2 0  P
  (B.14 )
AP g 8 = 150 x 0.000018 (1 - 0 . 4 2 ) 2 u + 1.75 x 1.2045
L (0.0027)2 0.42 3 0.0027
U 2 1 ~ 0.42 
0. 4 2 3
AP = (1681.7 U + 6111.7 U 2 )
B 9. Theoretical Calculation of Minimum Fluidization Velocity
Wen and Y u h ^ 9 -^ modified the Ergun equation (see 
section 3.3.5).
+ 150 (1 - £m f ) u 
a 2 „ 3 inf
V  ( P s - P g l B c 0
(B.15)
where U £ = -B + / B 2 - 4AC 
2A
where
1.75 x 0.0027 x 1.205 
0.000018 x 1.0 x 0 . 4 2 3
4269.4
B = 150 .(1 - 0.42) 
1 . 0 2 x 0.42 3
1174.3
C 0 . 0 0 2 7 2 (1796 -  1 . 2 0 5 )  9.8
0 . 00 0018
7123
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So U -1174.3 + / T T T T T T g  + 4 x 42694 x 7123) 
m£ 2 x 4269.4
= 1.2 m/sec.
B I O . Calculation of Heat Transfer Coefficients Using 
Schumann Curves
The relationship 
Y Cg Gfra = ----§—  was used (see section 3.3)........................ (B.16)
L  p g
where G - air mass flow rate k g / m 2h
L - bed height (m)
p - air density (kg/m3)o
where Y = 2.0
G = 2928 kg/h m 2
L = 0.1 m
, 2 . 0 x 0 . 3 1 3 x 2 9 2 8h a = -----------------------
0.1 x 1.152 
= 15910 kcal/h °C m 3 
But surface area of bed = 1288 m 2/ m 3 
So h «
1288
= 12.35 kcal/h °C m 2
B l l . Calculation of Surface Area Using Ergun's Equation
From (B.14)
2 nil 1 _ c- P rr U
150   + 1-75AP  __________________  _____L gc e 3 cj)2s dp2 ‘ £ a
1000 < Rep < 20   (B.17)
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S u b s t i t u t i o n  i n t o  (B.17)
AP g g = 150 x 0.000018 (1-e)2 y + 1.75 x 1.2045 y 2 l^e 
L (0.0027)2 e 3 0.0027 e 3
AP = 150 x 0.000018 (1-e)2 y  + 1.75 x 1.2045 y 2  1-e
L 9.8 x (0.0027)2 e 3 0.0027 x 9.8 e 3
~  = 37. 7 9 U + 79.66 U 2 i - g  .....  (B.17)
L e 3 e 3
Bed height = 100 mm
experimental pressure drop = 40 k g / m 2 
air velocity - 0.7 m/sec
Substituting this data in Equation (B.17 )
2 + 39.0 £-g400 = 26.5 
e 3 e 3
By trial’ and error e was found to be 0.42, so surface area
of the bed = b (1- ° - 4 2 )
0.0027
= 1288 m 2/ m 3
B I 2. Correlation of Stanton Number to Particle Reynolds 
Number
St = Ra (Rep)M  (p r r 2/3........................... .....  (B. 18)
lo g 10 St = M  l og10 (Rep ) + iogxo R a " 0,67 log10 Pr 
Cg y
Pr = “lc   (B.19)
Substituting in (B.19)
C = 0.240 kcal/kg °Co
y = 0.0684 kg/mh 
k = 0.027 kcal/mh °C 
So Pr = 0.62
Substituting in Equation (B.19)
l o g 1Q St  = l o g 1Q (Re ) + l o g 1Q Ra - 0 . 6 7  l o g 10 ( 0 .6 2 )
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slope (M) = Iogio0.v022 - l o glo0.0102 
logio100 - log102OO
= -1-6576 + 1.991  
2.0 - 2.30
0.33
0.3
(M) = - 1 . 1  ........ (B. 20)
log10St = - 1 . 1  logio(Rep) + log10Ra - 0.67 log10(0.62)
Y m x c
  (B. 21)
If  log-i0 R " 0.67 log.10 (0.62) = C ' . . . . .  (B.22)
].og1QR + 0.14 = C 
T ab 1 e B. 6
Bed height  
(HI) C Ra
0.10 0.309 1.476
0.14 0.275 1. 365
0.16 0.215 1.189
0.20' 0.158 1.042
So,
St = 1.476 (Re ) " lrl (Pr)~z/3 L = 100 mm .......  (B.23)
St = 1.365 (Re ) " 1’1 
P
(Pr)“ 2ri L = 140 mm ........ (B.24 )
St = 1.189 (Rep) ” 1,1 (Pr)"2/3 L = 160 mm __ _ (B.25)
St = 1.042 (Rep)"1*1 (Pr)“ 2/3 L = 200 mm ........ (B.26)
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BI3. Derivation of General Correlation for Heat Transfer 
in a Clinlcer Bed
st = Rb ( +  )Ml CRepr ‘'° (Pr)_V3................................  (B. 2 7)
r r L_ ,MX =  St =
b 3P (Rep) - 1-0 (Pr)-2/3 3
So P = R. (-fi)Ml ........ (B.28)
a b d p
log10 Pa ° M1 l og10 + l og10 Rb • (B' 29)
Table B.7
Pa l oSlO Pa
L
dP log10 dp
1.476 0.169 37.03 1. 57
1. 365 0.135 51.85 1.71
1.189 0.075 59.25 1.77
1.042 0.018 74.07 1.87
ci rt, t 0 . 1 7 - 0 . 0 6  Slope (M1 ) =  —------
1 1.6 - 1.8 
0 . 1 1 
0.2
= - 0 . 5 5    (B.30)
So - - 0.55
i°g10 Rb = d-05 
= 11.22
- 11.22 .....  (B.31)
St = 11.22 ( f i ) -0-55 (Re^)- 1 '1 (Pr)-2/3   (B.32)
UP P
0.
20
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C l . P o r t a b l e  P r e s s u r e  and Flow A n a l y s e r  ( P . P . F . A . )
The PPFA micromanometer is a sensitive d i f f er e nt i al  pressure 
measuring unit with a total  pressure range of 10,000 : 1 to 
an accuracy of 1% in any range.
The micromanometer u t i l i s e s  a capacitance bridge d i f f e ­
rential  pressure transducer and the flow range operates on the 
lowest and highest pressure ranges to give 10% and 100% of 
range. The flow signal is the square root of the pressure 
signal,  having an e f f ec t  of l inearising the output of a pitot  
tube.
C2. Infra Red Electronic Thermometer
This thermometer is an advanced temperature measuring 
device which senses infra red radiation generated by a heat 
source and displays i t  on an indicator d i r e ct l y  calibrated  
in degrees centrigrade. Its temperature read-out ranges from 
100°C to 1000°C. The accuracy of infratherm infra red thermo­
meters, subject to the correct emissivity adjustment, is 2%
FSD at the upper end of each temperature span involved. .
Emissivity of cooler shell  = 0.8,
C3. Land Suction Pyrometer
Land suction pyrometers are ideal for measuring the 
temperature of hot gases. The principal, operation of the 
pyrometer is a probe being inserted into a hot gas stream. The 
aspirating equipment (suction fan) draws the hot gas over the
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thermocouple which produces an electrical output related to 
the gas temperature. This output is then displayed on an 
associated meter or chart recorder. The sheathed thermocouple 
in the probe is enclosed in a water cooled stainless steel 
tube. The probe is designed to allow a high gas velocity at 
the thermocouple as much as 500 ft/sec. The efficiency is 
greater than 90%. This pyrometer is capable of measuring gas 
temperatures as high as 1600°C.
C 4. Disappearing Filament Optical Pyrometer
This pyrometer is suitable for measuring the high tempe­
ratures of incandescent objects, such'as hot clinker at 1300°C. 
The measurement of the temperature is based on a comparison 
of the brightness of the test specimen and the brightness of 
the incandescent filament of a calibrated reference light bulb 
over a narrow spectral range.
Measuring ranges : 700 to 1500 and 1200 to 2000°C
Power supply : Gas-proof nickel cadmium accumu­
lator capacity 2.0 Ah or 2 flash 
light cells, each 1.5V.
C 5 . Dust Sampling Probe
This probe samples gas and solids isokinematically from 
high temperature environments. The operation of the probe 
consists of a measured quality of gas being drawn through 
a nozzle and after the initial quench, it passes through a 
sintered metal filter of chosen porosity. Subsequent cooling 
takes place down the water cooled probe and the gas is then
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passed through a standard gas sampling train* Sampled 
particulates retained in the filter are analysed. As i so­
kinetic sampling is carried out, the air velocity through 
the cooler throat is calculated before measurement took place.
Probe design
Probe diameter - 1.9 cm
Operation length - 1.5 m
Material of construction - stainless steel
filters - sintered bronze
Filter particle size - 3 to 6 microns
Services - c o o l i n g .w a t e r , vacuum pump, gas analyser, 
condenser, water bottle, gas volume meter, 
water pump.
C 6 . Infra Red Gas Analyser
The instrument is designed to measure the concentration 
of a hetroatomic gas or vapour in a mixture of gases by a 
double beam system employing a gas filled detector operating 
in the infra red region at wave lengths between 2-15 microns.
A heated filament provides infra red radiation which is i n ter­
rupted by a rotating shutter. The resulting train of low 
frequency pulses is directed through a pair of analyser tubes 
into the detector unit. One of these tubes forms the analysis 
cell through which passes the stream to be analysed whilst 
the other one is a reference cell. The detector responds to 
the difference in infra red energy levels arising from the 
presence of the measured stream in the analysis cell, and the 
resulting analogue signal is amplified and displayed on the
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meter. Carbon monoxide and carbon dioxide were measured with 
this instrument.
Range
CO % - 0.01 to 100
C 0 2 % - 0.001 to 100
C 7 . Portable Oxygen Analyser
The D.C.L. Servomex oxygen analyser depends for its 
operation on the paramagnetic susceptibility of oxygen. Its 
range was 0 -100% on 3 600° (ten turn) linear dial, graduated 
to 0.1% and its accuracy -  0.1%. The accuracy ranged between 
L 5°C variation of ambient temperature. As the reading of 
volume percentage dry gas was required, the sample had to be 
dried before being analysed and the conditions were maintained 
such that condensation could not occur within the analyser's 
measuring cell. Pure nitrogen was used for gas check and dry 
air for adjusting the span. Readings were taken at the same 
pressure (usually atmospheric) at which the span was adjusted.
C 8 . Trial Heat and Mass Balances Calculations
Primary air flow rate:
duct dia. = 0.350 m 
temperature = 21°C 
velocity pressure - 19 mm  wg 
static pressure = -380 mm wg 
velocity = 18.118 m/s
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18.118 x tt x  0 . 3 S 0 2 273flow rate = ----------------------- x  —
(273 + 21)
= 1.6746 N m 3/s x 1.2928 k g / m 3 
= 2.1649 kg/s
Coal mill air duct flow rate:
cold air duct temperature = 8.6°C 
hot air cooler offtake temp. = 505°C 
coal mill inlet temperature = 293°C 
velocity pressure = 9.6 mm wg 
static pressure = -50 mm wg 
duct diameter = 0.5842 m 
velocity = 17.5761 m/s
flow rate = 17 . 5761 x tt x 0. 58422 x 273
4 x (273 + 293)
= 2.2724 N m 3/s
= 2.9377 kg/s
Assuming constant specific heat 
8.6 (2.9377 - x) + 505x = 293 x 2.9377 
496.4 x = 835.482
x = 1.6831 kg/s
where x = cooler off take air.
Waste/furnace o f f t a k e  flowrate:
duct diameter = 1.651 m 
temperature = 250°C 
velocity pressure = 6.8 mm wg
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static pressure = -45 mm wg 
velocity = 14.216 m/s
flow rate = —  21-6- x ■ .1L.Y-.l..v6 51 2x _____273_____
4 (273 + 250)
= 15.8803 N m 3/s 
= 20.537 kg/s
Coal analysis:
Table C.l
Coal 
type 602 percentage
C 71.9
H 2 5.0
°2 6.4
N 2 1.23
S 1.44
Cl 0.33
Ash 6.0
Moisture 7.7
Calorific value - 30,080 kJ/lcg
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Combustion analysis: 
Table C .2
Coal
analysis M . w t .
Comb 1n 
p r o d s .
Oxygen
required
c 0. 719 12.0 CO 2 2.636 1. 917
H 2 0.050 2.0 h 2° 0.450 0.400
°2 0.064 32.0 -0.064 ('Basis : 1 k^
N 2 0.012 28.0 N ° x 0.0228 0.0105
S 0.014 32.0 so 2 0.0283 0.0144
Cl 0.033 35.5
H 2° 0.077 18.0
Ash 0.060 -
3.1316 2.2779 
kg 02/kg 
coal
Assoc N 2 = 
2.2779 97 
23 X 27“
7.6260kg N 2
Coal feed:
feed rate = 5.2 t/h = 5 t/h corrected
= 1.3889 W s
Raw meal feed:
raw meal feed rate = 73 t/h
= 20.2778 kg/s (assumed dry) 
loss of ignition = 34.17%
kiln loss of ignition = 20. 2778 x 0. 3417 x 0.65 = 4.5038kg/s'
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mass flow rate of N 2 by combustion = 7.6260 x 1.3889
- 10.5918 kg/s. 
mass flow rate of C O 2 by combustion = 2.6360 x 1.3889
= 3.6611 kg/s. 
mass flow rate of C O 2 by charge = 4.5038 kg/s.
percentage of N 2 in flue gas = 57.8
percentage of C O 2 in flue gas = 42.2
percentage of O 2 measured at back end = 3.0
associated N ? = 3 x — —  = 11.2857
0.21
percentage of excess air = 14.28
T o t a l  f l o w  from c o o l e r  t o  k i l n :
Table £ • 3
c o 2 42.20 x (1 - 0.142857) 36.171
N 2 57.80 x (1 - 0.142857) + 11.2857 60.829
°2 3.0
100.00
Stoichiometric air + excess air = primary air + secondary air +
inleakage
Total stoichiometric air requirement = 10.09 lcg/kg coal
= 15.09 kg/sec.
excess air
stoichiometric air
excess N 2
stoichiometric N.
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excess air =  M j l M X Z __ x 1 5 .09
60.829 - 11.2857
= 3.133 kg/s.
Total back end gas flow = combination products + charge LO I + 
o excess air
= 14.2529 + 4.5038 + 3.1333 
= 21.89 kg/s.
Flow from cooler to clinker = total air - primary air
= 16.889 - 2.1649 
= 14.724 kg/s.
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Ta b l e  D . l  Flows i n v e s t i g a t e d  i n  t h e  w a t e r  model
Inlet duct no. Cooler
exhaust
m
Coal
mill
air
ductsTest No. 1 2 3 4 5 6
NC 2.1 5.6 15.6 19.5 20. 2 21.2 17.8 38. 7 13.4
NC 2.2 8.5 13.4 19.5 20. 2 21.2 17.8 38.7 13.4
NC 2.3 3.7 16.6 20. 5 20.2 21.2 17.8 38. 7 13.4
NC 2.4 2.0 18.0 20. 7 20. 2 21.2 17.8 38.7 13.4
NC 2.5 7.3 12.2 21.2 20. 2 21.2 17.8 38.7 13.4
NC 2.6 7.3 7.3 21. 9 22.7 22 .9 17.8 38.7 13.4
NC 2.7 7.3 3.7 21.9 25.1 24.1 17.8 38.7 13.4
NC 2.8 7.3 18.0 14.6 21.0 21.2 17.8 38.7 13.4
NC 2.9 7.3 18.0 9.8 24.6 22.4 17.8 38. 7 13.4
NC 2.10 7.3 18.0 4.9 27.1 24. 9 17.8 38.7 13.4
NC 2.11 ■ 7.3 17.1 22.0 14.6 21.2 17.8 38.7 13.4
NC 2.12 7.3 17.1 22.0 7.3 24. 9 21.4 38.7 13.4
NC 2.13 6.8 13.4 13.4 27.1 21.0 18. 3 4.9 13.4 |
NC 2.14 6.8 13.4 13.4 27.1 21.0 18.3 12.2 13.4
NC 2.15 6.8 13.4 13.4 27.1 21.0 18.3 24.4 13.4
NC 2.16 6.8 13.4 13. 4 27 .1 21.0 18.3 29.3 13.4
NC 2.17 6.8 13.4' 13.4 27.1 21.0 18.3 24.8
I
13.4
NC 2.18 6.8 13.4 13.4 27.1 21.0 18.3 46.3 13.4
NC 2.19 6.8 13.4 13.4 27.1 21.0 18.3 53.7 13.4
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Ta b l e  D.2 R e s u l t s  o f  ae r ody nami c  t r i a l s
Position of Probe Distance . Mean' • Mean
probe assembly No. from 
nose ring
Cm)
v e lo c i t y  
• ( v e r t i c a l ) 
(m/sec)
v eloc ity
(horizontal)
(m/sec)
1 1. 98 0. 6 8.6
5 ' 7 " \ 2 1. 98 0.7 4.8
U ' 7" 5f4.*d 1. 98 0.8
5f 4^ 7
3 7. 8
4 1. 98 4.3 6.0
* 5 1. 98 6.0 4.5
1 3.22 2. 9 3.9
2 3.22 6.3 4.8
(5'81" 5’8" \ 3 3.22 7.2 4.7
5 ’ 7 \ y 4 3.22 18.3 4.8
5 3.22 8.2 4.3
1 5.49 0.7 7.2
2 5.49 0.8 6.8
(  6’ 4" 5 * 5 ” j z 5 .49 1.2 7.7
6* J
» h/ 4 5. 49 1.2 7.0
5 5.49 2.3 5.1
1 6.87 5.6 4.3
2 6.87 4.7 4.4
( f f  5" 5T'7"\ 3 6.87 5.7 5v. 2
s 'B iy 4 6.87 4 . 7 4.6
T f a
5 6.87 4.7 7 . 3
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Ta b l e  D.3 Bed p r e s s u r e  d r o p s  i n v e s t i g a t e d  i n  t h e  c o l d  model
Flow
Nm3/h
Air
v e lo c it y
(m/h)
Bed
height
(mm)
Pressure drop
mm wg kg f/m2
462 3397 120 80.0 81. 26
654 4808 120 120.0 121.85
800 5882 120 150.0 152.31
827 6080 120 170.0 172.62
924 6794 120 190.0 192.93
1013 7448 120 200.0 203.09
1094 8044 120 220.0 223.40
1164 8595 120 2 30.0 233.55
1240 9117 120 250.0 253.86
1308 9617 120 260.0 263.62
1371 10080 120 270.0 274.17
1432 10529 120 270.0 274.17
462 3397 140 90.0 91. 39
654 4808 140 140.0 142.16
800 5882 140 170.0 172.60
827 6080 140 210.0 213.20
924 6794 140 2 30.0 233.60
1013 7448 140 2 30.0 233.60
1094 8044 140 250.0 253.80
1164 8595 140 2 70.0 273.30
1240 9117 140 280.0 284.30
1308 9617 140 2 90.0 294.40
1371 10080 140 300.0 304.60
1432 10529 140 300.0 304.60
C o n t !d .
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T a b l e  D.3 c o n t ' d .
Flow
Nm3/h
Air
v el oc i ty
(m/h)
Bed
height
(mm)
Pressure drop
mm wg kg f/m2
462 3397 160 110.0 . 111.  3
654 4808 160 160.0 162. 5
800 5882 160 '200.0 203.1
827 6080 160 220.0 228. 5
924 6794 160 250.0 253.9
1013 7448 160 270.0 274.2
1094 8044 160 2 90.0 294. 5
1169 8595 160 300.0 304.6
1240 9117 160 320.0 324. 9
1308 9617 160 330.0 335.1
1371 10080 160 330.0 335.1
1432 10524 160 330.0 335.1
462 3397 200 120.0 121.9
654 4808 200 190.0 192.9
800 5882 200 220.0 223.4
924 6294 200 310.0 314.8
1094 8044 200 360.0 365.6
1308 9617 200 390. 5 401.1
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Table D.4 Results of t r i a l  run carried out on a 100 mm high 
clinker bed with bare thermocouples measuring bed 
temperature
Flow
Nm3/h
T ime 
(min)
Temperature °C
Outlet
air
Thermocouple 
- in bed 
(surface)
Thermocouple 
in bed 
(above grate)
Inlet
air
' 712 0.0 217 212 114 59
1.0 198 150 90 48
2.0 180 124 80 44
3.0 158 107 73 43
4.0 128 101 68 41
5.0 111 91 65 41
6.0 96 76 62 40
7.0 80 68 54 38
ooo 71 63 53 37
9.0 62 55 49 37
10.0 54 53 47 36
920 0.0 212 204 88 53
1.0 165 151 78 47
2.0 12 9 121 75 44
3.0 108 104 70 44
4.0 89 88 64 42
5.0 76 79 63 41
6.0 65 68 55 39
7.0 58 63 55 39
8.0 54 59 52 38
9.0 48 54 49 38
10.0 45 • 51 47 37
C o n t ' d-
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T a b l e  D.4 c o n t ' d .
Flow Time
Temperature °C
Nm3/ h (min.) Outlet
air
Thermocouple 
in bed 
(surface)
Thermocouple 
in bed 
(above grate)
Inlet
air
1295 0.0 109 111 57 36
ot—i 84 85 50 34
2.0 67 71 48 34
3.0 56 58 46 34
4.0 50 55 43 33
5.0 44 49 43 33
1593 0.0 123 122 63 40
1.0 101 99 58 38
2.0 79 81 56 36
3. Q 67 66 52 36
4.0 58 60 49 35
5.0 53 55 47 35
6.0 48 51 44 34
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Table D.5 Temperature profi le  of the clinker bed measured 
by inserted thermocouple in a clinker p art ic l e,  
in a bed area of 0.28 m2
Time
min
(0)
Flow
Nm«3/h
Bed
height
(m)
Solid temp Air temperature
t --t__ g so
*s °c t °C so t °C g t °C go t - 1go so
1 712 0.10 2 90 342 2 20 30 0.39
2 230 342 160 30 0.58
3 180 342 102 30 0.77
4 140 342 76 30 0.85
5 110 342 5 8 30 0.91
6 86 342 46 30 0.95
7 64 342 42 30 0.96
8 59 342 40 30 0. 97
9 51 342 38 30 0.97
10 45 342 37 30 0.98
1 920 0.10 250 300 160 30 0.52
2 192 300 96 30 0.76
3 142 300 64 30 0.87
4 110 300 52 30 0.92
5 82 300 42 30 0. 96
6 64 300 36 30 0.98
7 50 300 34 30 0.99
8 42 300 32 30 0.99
1 1295 0.10 200 244 120 ' 30 0.58
2 152 244 70 30 0.81
3 112 244 50 30 0. 91
4 80 244 40 30 0. 95
C o n t 1d .
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T a b l e  D.5 c o n t ’d.
Time
min
(9)
Flow
N m 3/h
Bed
height
(m)
Solid t e m p . Air temp.
tg ~.tst °C so t °C g t °C go
5 1295 0.10 42 244 38 30 0. 96
6 40 244 34 30 0. 98
7 28 244 32 30 0.99
1 1593 0.10 2 30 304 102 30 0.74
2 160 304 68 30 0. 86
3 94 304 46 30 0.94
4 80 304 42 30 0. 96
5 60 304 42 30 ' 0.96
6 44 304 36 30 0.98
7 40 304 34 30 0. 99
1 712 0.14 2 90 340 260 30 0.26
2 234 340 184 30 0. 50
3 186 340 114 30 0.73
4 146 340 78 30 0.85
5 112 340 56 30 0.92
6 88 340 46 30 0. 95
7 68 340 40 30 0. 97
8 46 340 37 30 0. 98
1 920 0.14 290 300 180 30 0.44
2 234 300 112- 30 0. 7C
3 186 300 78 30 0.82
4 146 300 62 30 0.88
C o n t 1d .
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T a bl e  D.5 c o n t ' d.
Time
min
c u
Flow
Nm3/h
Bed
height
Cm)
Solid temp. Air temp.
t - t ,  guooV)
ft t °C 
g
t °C 
go tgo-ts
5 920 0.14 102 300 50 30 0.93
6 88 300 '44 30 0.95
1 1295 0.14 220 268 150 30 0. 50
2 170 268 110 30 0.66
3 130 268 78 30 0. 79
4 92 268 58 30 0.88
5 68 268 46 30 0. 93
6 50 268 40 30 0, 96
7 40 268 38 30 0.97
1 1593 0.14 240 300 112 30 0. 70
2 180 300 70 30 0.85
3 128 300 50 30 0.93
4 84 300 46 30 0. 94
5 64 300 44 30 0. 95
6 58 300 40 30 0. 96
7 50 300 38 30 0.97
1 712 0.16 2 90 340 298 30 0.14
2 240 340 204 30 0.44
3 196 340 164 30 0.57
4 152 340 130 30 0.68
5 116 340 86 30 0.82
6 90 340 64 30 0.89
C o n t 1d .
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Ta b l e  D . 5 c o n t 1d.
T ime 
min
. LL)....
Flow 
Nm3/ h
Solid temp. Air temp.
t g tsoBed
height
(m)
t s °c t °C so t °Cg
t 0 C 
go t _ tz go  so
7 712 0.16 70 340 52 30 0.93
8 53 '340 50 30 0.94
9 45 340 45 30 0.95
10 42 3 40 41 30 0. 96
11 40 340 40 30 0.97
12 38 340 38 30 0.97
1 920 0.16 260 300 220 30 0. 30
2 220 300 140 30 0.60
3 180 300 96 30 0.76
4 150 300 74 30 0.84
5 120 300 64 30 0.87
6 90 300 52 30 0.92*
7 72 300 50 30 0.93
8 68 300 46 30 0. 94
9 58 300 41 30 0. 96
10 49 300 39 30 0. 97
11 43 300 37 30 0. 97
12 41 300 36 30 0. 98
1 1295 0.16 224 300 154 30 0.47
2 184 300 120 30 0.62
3 144 300 84 30 0.77
4 108 300 62 30 0.86
5 86 300 52 30 0.91
6 66 300 46 30 0.93
C o n t ’d .
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T a b le  D.5 c o n t ’ d.
Time
min. 
(0)
Flow
Nm3/h
Solid temp. Air temp.
t - tg soBed
height
(m)
+  ° c t °C so t °C g
t °C go t - 1go so
7 1295 0.16 54 264 40 30 0. 96
8 46 264 39 30 0. 96
9 41 264 37 30 0. 97
1 1593 0.16 2 60 326 120 30 0. 70
2 196 326 80 30 0.83
3 134 326 64 30 0.89
4 104 326 52 30 0.93
5 82 326 48 30 0. 94
6 68 326 40 30 0. 97
7 56 326 37 30 0.98
8 48 326 36 30 0. 98
1 653 0.20 340 420 310 30 0.28
2 264 420 214 30 0.53
3 220 420 17-0 30 0.64
4 170 420 124 30 0. 76
5 130 420 90 . 30 0.85
6 96 420 66 30 0. 91
7 72 420 54 30 0. 94
8 63 • 420 52 30 0. 94
9 49 420 42 30 0. 97
10 .42 420 38 30 0. 98
C o n t ' d .
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Ta b l e  D . 5 c o n t 1d .
Time
min.
(©)
Flow
Nm3/h
Bed
height
(m)
. Solid temp. Air temp. t - t g sot °C s t °C so t °Cg
t °C 
go t - t  go so
1 920 0.20 300 370 260 30 0. 32
2 264 370 190 30 0.53
3 220 370 130 30 0.71
4 164 370 82 30 0.85
5 124 370 66 30 0.89
6 92 370 56 30 . 0. 92
7 78 370 50 30 0. 94
8 72 370 41 30 0. 97
9 56 370 37 30 0. 98
10 48 370 36 30 0.98
1 1295 0. 20 254 300 160 30 0.52
2 204 300 120 30 0.67
3 166 300 90 30 0.78
4 130 300 70 30 0.85
5 86 300 60 30 0.89
6 74 300 50 30 0.93
7 60 300 48 30 0.93
1 1593 0. 20 286 368 140 30 0.67
2 220 368 104 30 0.78
3 150 368 72 30 0.88
4 110 368 56 30 0.92
5 88 368 52 30 0.93
6 72 368 50 30 0.94
7 62 3681 48 30 0.95
3 5 9
Table D.6 Temperature profile of clinker bed measured by 
inserted thermocouples in a clinker particle in 
a bed area of 0.12 m 2
Time
(min)
. (9)
A ir
f lo w
Nm3/ h
Bed
h e i g h t
(m)
S o l i d temp. A ir  temp.
V  "so
t s °c t  ° c so t  °C g t  Ongo C t go"t 50
1 566 0.1 263 284 254 29 0.12
2 217 284 176 29 0.42
3 163 284 109 29 ' 0. 69
4 119 284 72 29 0.83
5, 84 284 53 29 0. 91
6 62 284 44 .29 0. 94
7 46 284 39 29 0. 96
8 37 284 35 29 0.97
9 31 284 33 29 0. 99
1 731 0.1 229 269 17 4!- 30 0.39
2 171 269 100 30 0.70
3 115 269 61 29 0.87
4 79 269 48 29 0.92
5 55 269 41 29 0. 95
6 41 269 37 29 0.97
7 33 269 34 29 0 .  98
8 28 269 32 29 0. 99
1 865 0.1 190 257 100 28 0.68
2 129 257 59 28 0.86
3 75 257 42 28 0.94
4 54 257 36 28 0. 96
5 37 257 32 28 . 0. 98
1 1054 0.1 219 287 123 31 0. 64
2 139 287 72 33 0.85
3 83 287 51 30 0 .  91
4 31 287 42 30 0.95
5 33 287 36 29 0 .  97
C o n t ’d .
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Ta b l e  D.6  c o n t ' d .
Time
min.
(6)
Air 
flow 
Nm3 / h
Bed
height
(m)
Solid temp. Air temp.
t “ ten g S0t °C5 t °C so t °cg
t °C 
go t ~t go sc
1 566 0.14 262 287 204 32 0. 32
2 214 287 133 31 0.60
3 161 287 84 30 0.79
4 115 287 58 30 0.89
5 83 287 47 30 0. 93
6 60 287 41 30 0. 96
7 46 287 37 30 0.97
8 37 287 35 30 0.98
1 731 0.14 180 260 145 29 0. 50
2 120 260 86 29 0.75
3 75 260 53 28 0.89
4 50 260 41 28 0.94
5 30 2 60 38 29 0.96
1 865 0.14 196 282 127 30 0.62
2 127 282 80 30 0. 80
3 80 282 55 29 0.89
4 45 282 44 29 0. 94
5 34 282 37 29 0.97
1 1054 0.14 200 245 88 28 0.72
2 130 245 54 28 0.88
3 82 245 40 29 0. 94
4 52 245 35 28 0.97
5 48 245 32 28 0. 98
1 566 0.16 282 301 268 33 0.12
2 225 301 180 31 0.45
3 167 301 114 31 0. 70
4 113 301 76 30 0.83
5 81 301 57 30 0. 90
Cont  * d .
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T a b l e  D.6 c o n t ' d .
Time 
m i n .
J e )  . .
Air
flow
N m 3/h
Bed
height
(m)
So lid t e m p . Air temp. t - t g so
t °C s t °cso t °C g t °C go
t • -1 go so
6 566 0.16 57 301 46 30 0.94
7 42 301 40 30 0. 96
8 34 301 37 30 0.97
1 731 0.16 223 280 158 30 0.48
2 148 280 104 30 0. 70
3 90 280 63 30 0.87
4 56 280 47 30 0.93
5 39 280 40 30 0. 96
6 30 280 36 30 0.98
1 865 0.16 199 273 164 36 0.46
2 128 273 110 35 0. 68
3 79 273 72 34 0. 84
4 51 273 54 33 0. 91
5 35 273 45 33 0. 95
6 29 273 40 33 0.97
1 1054 0.16 198 261 105 31 0. 68
2 127 261 64 31 0. 80
3 78 261 47 31 0.93
4 50 261 40 31 0. 96
1 566 0.20 253 286 183 30 0.40
2 195 286 113 30 0.68
3 140 286 68 29 0.85
4 97 286 50 29 0.92
5 69 286 42 29 0.95
6 51 286 37 29 0.97
7 41 286 35 29 0.98
8 34 286 33 29 . 0. 98
C o n t 1d .
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Ta b l e  D . 6 c o n t 1d.
Time
min.
(9)
Air 
flow 
Nm3 /h
Bed
height
(m)
Solid temp. Air temp.
t - tg so
t °c so t °C g t °c go t - 1 go so
1 731 0.20 224 271 172 32 0.41
2 171 271 138 32 0.50
3 116 271 93 31 0.74
4 77 271 63 31 0.87
'5 53 271 48 31 0. 93
6 41 271 40 32 0. 97
7 34 271 37 31 0.98
1 865 0. 20 233 279 134 32 0. 59
2 178 279 90 31 0.76
3 128 279 62 31 0.88
4 82 279 48 -31 0. 93
5 55 279 41 31 , 0. 96
6 39 279 38 31 0. 97
1 1054 0. 20 204 2 61 96 34 0.73
2 144 261 63 32 0.86
3 96 261 47 32 0. 93
4 66 261 41 32 0. 96
5 46 261 37 32 0.98
....... ......
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T a b l e  D.7 C a l c u l a t i o n  o f  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s
Flow
Nm3/h
Bed
height
(m)
Heat 
capacity  
of air  
kcal/m3°C
Air mass 
flow rate 
kg/hm2
Air
density
kg/m3
Y
Heat transfe  
c oeff ic ients
kcal/  
h° cm2
kcal / 
h° cm'
712 0.10 0. 313 2928 1.152 2.0 15910 12.35
920 0.10 0. 313 3784 1.152 1.5 15421 11.  97
1295 0.10 0. 313 5328 1.152 1.0 14476 11.23
1593 0.10 0.313 6553 1.152 0.8 14443 11.21
712 0.14 0. 313 2928 1.152 2.8 15910 12.35
920 0.14 0.313 3784 1.152 2.0 14687 11.40
1295 0.14 0. 313 5328 1.152 1.2 12408 9.63
1593 0.14 0.313 6553 1.152 1.0 12717 9.87
712 0.16 0.313 2928 1.152 3.0 14916 11. 58
920 0.16 0. 313 3284 1.152 2.0 12851 9.98
1295 0.16 0.313 5328 1.152 1.28. 11592 9.00
1593 0.16 0.313 ’ 6553 1.152 1.0 11127 8.63
712 0.20 0.313 2686 1.152 3.5 12880 10.00
920 0.20 0.313 37 84 1.152 2.5 12851 9. 98
1295 0.20 0. 313 5328 1.152 1.5 10857 8.43
1593 0.20 0. 313 6553 1.152 1.0 8102 6.91
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T a b l e  D.8 C a l c u l a t e d  v a l u e s  o f  s u r f a c e  a r e a  w i t h  a i r  f l o w - r a t e s
Air 
v eloc ity  
m/sec .
Bed
height
(m)
Experimental
pressure
drops
kgf/m2
Bed
/■voidage
Bed 
surface 
area 
m2 /m3
0.7 0.1 40.0 0.42 1288
0.9 0.1 55.0 0. 42 1288
1.28 0.1 80.0 0.48 1155
1. 58 0.1 120.0 0. 50 1071
0.7 0.16 95.0 0.40 1288
0.9 0.16 110.0 0.40 1288
1.28 0.16 150.0 0.48 1155
1. 58 0.16 2 30.0 0.49 1071
0.7 0.25 110.0 0.42 1288
0.9 0.25 130.0 0.42 1288
1.28 0.25 2 30.0 0.47 1155
1. 58 0.25 320.0 0. 50 1071
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Table D.9 Values of surface area with expanded bed height 
and voidage
Air
velocity
m/sec
Measured
bed
height
(m)
Experimental
pressure
drop
k g f / m 2
Bed
voidage
(e)
Bed
surface
area
m 2/ m 3
0.7 0.100 40.0 0.42 1288
0. 9 0.100 55.0 0.42 1288
1.28 0.105 80.0 0.49 1133
1.58 0.110 120.0 0. 50 1111
0.7 0.160 95.0 0.42 1288
0.9 0.160 110.0 0.42 1288
1.28 0.168 150.0 0.49 1133
1. 58 0.176 230.0 0. 50 1111
0. 7 0. 250 110.0 0.42 1288
0. 9 0.250 130.0 0.42 1288
1.28 0.263 230.0 0.49 1133
1. 58 0.275 320.0 05 50 1111
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Table D.10 Values of modified heat transfer coeff icients  
with voidage and bed height
Air 
. flow 
rate 
(V/h)
Bed
height
(m)
Voidage
(£)
Surface 
area 
(m2/m3)
Modified heat trans­
fer coeff i ci ent
kcal/h0 cm3 kcal/h0cm2
712 0.10 0.42 1288 15910 12.35
920 0.10 0.42 1288 15421 11.97
1295 0.10 0.49 1133 14476 12.78
1593 0.10 0. 50 1111 14443 13.00
712 0.14 0. 40 1288 15910 12.35
920 0.14 0.40 1288 14687 11.40
1295 0.14 0.49 1133 12408 10. 95
1593 0.14 0.50 1111 12217 11.44
712 0.16 0.42 1288 14916 11.58
920 0.16 0.42 1288 12851 9.97
1295 0.16 0.49 1133 11592 10.23
1593 0.16 0. 50 1111 11127 10.01
653 0.20 0.42 1288 12880 10.00
920 0.20 0.42 1288 12851 9.98
1295 0.20 0.49 1133 10857 9.58
1593 0. 20 0.50 1111 8902 8.01
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Table D.ll Values of Nusselt number (Nup) vs particle 
Reynolds number (Rep)
Air 
flow 
rate 
(m3/h )
Air 
velocity 
(m/sec)
Bed
height
Cm)
Re?
U dp P
y
Heat 
t r a n s - 
f e-r 
c o e f f . 
kcal/hm2
oc
Thermal
conduc­
tivity
kcal/hm
°C
Nuj
M j 
I k
712
920
1295
1593
0.7
0.9
1.28
1.58
0.10
0.10
0.10
0.10
120
155
221
273
12.35
11.97
12.78
13.00
0.0288
0.0288
0.0288
0.0288
1.158 
1.122 
1 .198 
1.218
712
920
1295
1593
0.7
0.9
1.28
1.58
0.14
0.14
0.14
0.14
120
155
221
273
12.35 
11.40 
10. 95 
11.44
0.0288
0.0288
0.0288
0.0288
1.158 
1.068 
1.027 
1.073
712
920
1295
1593
0.7
0.9
1.28
1.58
0.16
0.16
0.16
0.16
120
155
221
273
11.58 
9.97 
10. 23 
10.01
0.0288
0.0288
0.0288
0.0288
1 .086 
0. 935 
0. 960 
0. 940
653
920
1295
1593
0.7
0.9
1.28
1.58
0.20 
0. 20 
0.20 
0.20
120
155
221
273
10.00 
9. 98 
9.58 
8.01
0.0288
0.0288
0.0288
0 . 02 88
0. 940 
0. 940 
0. 8 90 
0. 750
3 68
Table D.12 Values of Stanton number (St) vs particle 
Reynolds number (Rep)
Air
flow
rate
(NmVh)
Air
velocity
(m/sec)
Bed
height
(m)
Rep
Air
mass
flow
rate
lcg/m2h
Heat 
tr a n s - 
f er
coeff. 
heal /h'm2 
°C
St ^
ru dp Pj
I R
eg G
712 0.7 0.10 120 2928 12.35 0.0176
920 0. 9 0.10 155 3784 11.97 0.0132
1295 1.28 0.10 221 5328 12.78 0.0099
1593 1.58 0.10 273 6553 13.00 0.0083
712 0.7 0.14 120 2.928 12.35 0.0176
920 0. 9 0.14 155 3784 11.40 0.0126
1295 1.28 0.14 221 5328 10. 95 0.0086
1593 1. 58 0.14 273 6553 11.44 0.0073
712 0.7 0.16 120 2928 11.58 0.0165
920 0.9 0.16 155 3784 9. 97 0.01
1295 1.28 0.16 221 5328 10. 23 0.008
1593 1.58 0.16 273 6553 10.01 0.006
653 0. 7 0.20 120 2686 10.00 0.016
920 0.9 0. 20 155 3784 9. 98 0.01
1295 1.28 0.20 221 5328 8.43 0.0066
1593 1. 58 0. 20 273 6553 6. 57 
------------
0.0042
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Table D.13 Correlation of hot model results at 
dimensional relationship
t - t g so Voidage
Ce)
Bed
depth
(L)
Cm)
Mean 
particle 
diameter 
(dp) Cm)
Air
velocity
(U)
(m/s)
Residence 
time 
( T )  
(sec.)
u T c*
Cs ps (l- )L
Pg = 1.152 C =0.2 
P3 = 2252 Cg=0.2C
t - t
g  SO
0.39 0.42 0.10 0.0027 0. 71 60.0 0.44
0. 58 0.42 0.10 0.0027 0. 71 120.0 0.88
0.77 0.42 0.10 0.0027 0. 71 180.0 1. 32
0.85 0.42 0.10 0.0027 0. 71 240.0 1.76
0. 91 0.42 0.10 0.0027 0.71 300.0 2 . 20
0. 95 0.42 0.10 0.0027 0.71 360.0 2.64
0. 96 0.42 0.10 0.0027 0. 71 420.0 3.08
0. 97 0.42 0.10 0.0027 0.71 480.0 3.52
0. 97 0.42 0.10 0.0027 0. 71 540.0 3.96
0. 98 0.42 0.10 0.0027 0. 71 600.0 4.41
0. 52 0.42 0.10 0.0027 0. 91 60.0 0. 56
0.76 0.42 0.10 0.0027 0. 91 120.0 . 1.13
0.87 0.42 0.10 0.0027 0. 91 180.0 1.69
0. 92 0.42 0.10 0.0027 0. 91 240.0 2.26
0. 96 0.42 0.10 0.0027 0. 91 300.0 2.82
0. 98 0.42 0.10 0.0027 0. 91 360.0 3. 39
0.99 0.42 0.10 0.0027 0. 91 420.0 3. 95
0.99 0.42 0.10 0.0027 0. 91 480.0 4. 51
0. 58 0.49 0.105 0.0027 1.28 60.0 0.87
0. 81 0.49 0.105 0.0027 1.28 120.0 1.75
0. 91 0.49 0.105 0.0027 1.28 180.0 2.62
0. 95 0.49 0.105 0.0027 1.28 240.0 3.49
0. 96 0.49 0.105 0.0027 1.28 300.0 4.36
0. 98 0.49 0.105 0.0027 1. 28 360,0 5.24
0. 99 0.49 0.105 0.0027 1.28 420.0 6.10
0.74- 0. 50 0.110 0.0027 1. 58 60.0 1.05
0. 86 0.50 0.110 0.0027 1 . 58 120.0 2. 10
0. 94 0. 50 0.110 0.0027 1 . 58 180.0 3.15
0.96 • 0. 50 0.110 0.0027 1. 58 240.0 4.19
0. 96 0. 50 0.110 0.0027 1.58 300.0 5.24
0. 98 0. 50 0.110 0.0027 1. 58 360.0 6.29
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T a b l e  D.13 c o n t ' d .
t - t •g so Voidage
(0
Bed
depth
CL)
(m)
Mean 
particle 
diameter 
(dp) (m)
Air
velocity
(U)
(m/s)
Residence 
time 
( t ) 
(sec.)
U t C p 
g g
t - t go so- Cs PsO-’ SOL 
Pg=l. 152 C_0.245 
Ps=2252 C|=0.2062
0. 26 0.42 0.14 0.0027 0.71 60.0 0. 32
0. 50 0. 42 0.14 0.0027 0.71 120.0 0.64
0.73 0. 42 0.14 0.0027 0.71 180.0 0.96
0.85 0. 42 0.14 0.0027 0.71 240.0 1.28
■ 0. 92 0.42 0.14 0 .0027 0.71 300.0 1. 59
0. 95 0. 42 0.14 0,0027 0.71 360.0 1. 91
0. 97 0.42 0.14 ■ 0.0027 0.71 420.0 2.2 5
0. 98 0.42 0.14 0.0027 0.71 480.0 2. 55
0.44 0. 42 0.14 0.0027 0. 91 60.0 0.41
0.70 0. 42 0.14 0.0027 0. 91 120.0 0.81
0.82 0. 42 0.14 0.0027 0. 91 180 .0 1.23
0.88 0.42 0.14 0.0027 0. 91 240.0 1.63
0. 93 0.42 0.14 0.0027 0. 91 300.0 2.04
0. 95 0.42 0.14 0.0027 0. 91 360.0 2.45
0. 50 0.49 0.147 0.0027 1.28 60.0 0.6 5
0.66 0.49 0.147 0.0027 1.28 120.0 1. 31
0.79 0.49 0.147 0.0027 1. 28 180.0 1 . 96
0.88 0.49 0.147 0.0027 1.28 240.0 2.62
0. 93 0.49 0.147 0.0027 1.28 300.0 3.27
0.96 0.49 0.147 0.0027 1.28 360.0 3. 92
0. 97 0.49 0.147 0.0027 1.28 4 20.0 4 . 58
0.70 0. 50 0.153 .0.0027 1. 58 60.0 0.7 5
0.85 0. 50 0.153 0.0027 1.58 120.0 1. 51
0. 93 0. 50 0.153 0.0027 1. 58 180.0 2.26
0. 94 0.50 0.153 0.0027 1 . 58 240.0 3.01
0. 95 0.50 0.153 0.0027 1. 58 300.0 3.77
0. 96 0. 50 0.153 0.0027 1.58 360.0 4. 52
0. 97 0. 50 0.153 0.0027 1 . 58 420.0 5.27
C o n t 1d .
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T a b l e  D.13 c o n t ’d.
t - t-g so Voidage
(e)
Bed
depth
CL)
(m)
Mean
particle
diameter
rfpD (m)
Air
velocity
OJ)
(m/s)
Residence 
time 
(t ) 
(sec.)
U T C p
g g
t - t  go so>
Cs Ps C1-e)L
Pg=1.152 Cct=0.245 
Ps=2252 C^=0.206;
0.14 0.42 0.16 0.0027 0.71 60.0 0.28
0.44 0. 42 0.16 0.0027 0.71 120.0 0. 56
0. 57 0.42 0.16 0.0027 0.71 180.0 0.84
0. 68 0.42 0.16 0.0027 0.71 2 40.0 1.12
0.82 0.42 0.16 0.0027 0.71 300.0 1.40
0.89 0. 42 0.16 0.0027 0.71 360.0 1. 68
0.93 0.42 0.16 0.0027 0.71 420.0 1.95
0. 94 0.42 0.16 0.0027 0.71 480.0 2.23
0.95 0.42 0.16 0.0027 0.71 540.0 2. 51
0. 96 0.42 0.16 0.0027 0.71 600.0 2.79
0. 97 0.42 0.16 0.0027 0.71 660.0 3.07
0.30 0.42 0.16 0.0027 0. 91 60.0 0.36
0.60 0.42 0.16 0.0027 0. 91 120.0 0.72
0.76 0. 42 0.16 0.0027 0.91 180.0 1.07
0.84 0.42 0.16 0.0027 0. 91 240.0 1.43
0.87 0.42 0.16 0.0027 0. 91 300.0 1.79
0. 92 0.42 0.16 0.0027 0.91 360.0 2.15
0. 93 0.42 0.16 0.0027 0. 91 420.0 2.51
0. 94 0. 42 0.16 0.0027 0. 91 480.0 2. 86
0.96 0.42 0.16 0.0027 0. 91 540.0 3.22
0. 97 0. 42 0.16 0.0027 0. 91 600.0 3158
0. 98 0.42 0.16 0.0027 0. 91 660.0 3. 94
0.47 0.49 0.168 0.0027 1.28 60.0 0. 55
0.62 0.49 0.168 0.0027 1.28 120.0 1.09
0.77 0.49 0.168 0.0027 1.28 180.0 1.64
0.86 0.49 0.168 0.0027 1.28 240.0 2.18
0. 91 0.49 0.168 0.0027 1.28 300.0 2.73
0. 93 0.49 0.168 0.0027 1.28 360.0 3.27
0. 96 0. 49 0.168 0.0027 1.28 420.0 3. 82
0. 96 0.49 0.168 0.0027 1.28 480.0 4. 36
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T a b l e  D.13 c o n t ' d .
t - t • -g so Voidage
(0
Bed
depth
CL)
Cm)
Mean 
particle 
diameter 
(dp) Cm)
Air
velocity
CU)
(m/s)
Residence 
time 
(T ) 
(sec.)
U T C p 
. g-fii.—-
t - 1go SO'
■ Cs ps (l-e)L
Pg=1.152 C =0.245 
Ps=2252 C5 0 .2062
0. 70 0. 50 0.176 0.0027 1. 58 . 60.0 0. 6 6
0.83 0. 50 ■0.176 0.0027 1. 58 1 2 0. 0 1.31
0.89 0. 50 0.176 0.0027 1.58 180.0 1 .97
0. 93 0. 50 0.176 0.0027 1. 58 240.0 2 . 62
0.94 0. 50 0.176 0.0027 1. 58 300.0 3.28
0. 97 0. 50 0.176 0.0027 1. 58 360.0 3. 93
0. 98 0. 50 0.176 0.0027 1. 58 420.0 4. 59
0.28 0.42 0. 2 0.0027 0.71 60.0 0. 22
0.53 0. 42 0. 2 0.0027 0.71 1 2 0. 0 0.45
0. 64 0.42 0. 2 0.0027 0.71 180.0 0.67
0.76 0.42 0. 2 0.0027 0.71 240.0 0.89
0.85 0.42 0. 2 0.0027 0.71 300.0 1 . 1 2
0. 91 0.42 0. 2 0.0027 0. 71 360.0 1 . 34
0 . 94 0.42 0. 2 0.0027 0.71 420.0 1 . 56
0. 94 0.42 0. 2 0.0027 0.71 480.0 1. 79
0. 97 0.42 0. 2 0.0027 0.71 540.0 2 . 01
0. 98 0. 42 0. 2 0.0027 0.71 600.0 2.23
0.32 0.42 0. 2 0.0027 0. 91 60.0 0. 2  8
0.53 0.42 0. 2 0.0027 0. 91 1 2 0. 0 0. 57
0. 71 0. 42 0 . 2 0.0027 0.91 180.0 0. 86
0.85 0.42 0. 2 0.0027 0. 91 240.0 1.15
0.89 0.42 0. 2 0.0027 0. 91 300.0 1.43
0.92 0.42 0. 2 0.0027 0, 91 360.0 1.72
0.94 0.42 0. 2 0.0027 0.91 420.0 2 .00
0.97 0.42 0. 2 0.0027 0. 91 480.0 2.2 9
0. 98 0.42 0. 2 0.0027 0. 91 540.0 2. 58
0. 98
.
0.42 0. 2 0.0027 0. 91 600.0 2. 86
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T a b l e  D.13 c o n t ' d .
t - t •g so Voidage
(e)
Bed
depth
CL)
(m)
Mean 
particle 
diameter 
(d p) (m)
Air
velocity
(U)
(m/s)
Residence
time
( t )
(sec.)
U t C p 
g g
t - t go so-
Cs ps (l-e)L
Pg=1.152 C =0.245 
Ps=22S2 C°=0.2062
0. 52 0.49 0.21 0.0027 1.28 60.0 0.44
0.67 0.49 0.21 0.0027 1.28 120.0 0.87
0.78 0.49 0.21 0.0027 1.28 180.0 1 . 31
0.85 0.49 0.21 0.0027 1.28 2 40.0 1.74
0.89 0.49 0.21 0.0027 1.28 300.0 2.18
0. 93 0.49 0.21 0.0027 1.28 360.0 2.62
0. 93 0.49 0.21 0.0027 1.28 420.0 3.05
0. 93 0.49 0.21 0.0027 1. 28' 480.0 3.48
0. 67 0. 50 0.22 0.0027 1. 58 60.0 0.52
0.78 0. 50 0.22 0.0027 1. 58 120.0 1 .05
0.88 0. 50 0.22 0.0027 1. 58 180.0 1. 57
0. 92 0. 50 0.22 0.0027 1.58 240.0 2.09
0. 93 0. 50 0.22 0.0027 1. 58 300.0 2.62
0. 94 0. 50 0.22 0.0027 1 . 58 360.0 3.14
0.95 0. 50 0.22 0.0027 1. 58 420.0 3. 67
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Table D.14 Correlation of hot model results as dimensional 
re la t ionship, pa r t ic le  diameter as variable
t  - t  g so
t - tgo so
Bed 
depth 
CL) (m)
Mean
particle
diameter
CdpXm)
Air 
velocity 
CU) 
(m/sec.)
Residence 
time 
( x  ) 
(sec.)
U T  C 
___g. g
£s ps dp
0. 39 0 . 1 0 0.0027 0. 71 60.0 9.45
0. 58 0 . 1 0 0.0027 0. 71 1 2 0 .0 18. 90
0.77 0 . 1 0 0.0027 0.71 180.0 28.36
0.85 0 . 1 0 0.0027 0.71 240 .0 33.29
0. 91 0 . 1 0 0.0027 0.71 300.0 47.26
0. 95 0 .1 0 0.0027 0. 71 360.0 56.71
0. 96 0 .1 0 0.0027 0.71 420.0 66.16
0. 97 0 . 1 0 0.0027 0. 71 480.0 75. 61
0. 97 0 .1 0 0.0027 0.71 540.0 85.07
0. 98 0 .1 0 0.0027 0.71 600.0 94. 73
0. 52 0 . 1 0 0.0027 0. 91 60.0 12.03
0.76 0 . 1 0 0.0027 0. 91 12 0  .0 24.27
0.87 0 . 1 0 0.0027 0. 91 180.0 36. 30
0. 92 0 . 1 0 0.0027 0. 91 240.0 48. 55
0. 96 0 . 1 0 0.0027 0. 91 300.0 60. 58
0. 98 0 .1 0 0.0027 0. 91 360.0 72.82
0.99 0 . 1 0 0.0027 0. 91 420.0 84.85
0.99 0 . 1 0 0.0027 0. 91 480.0 96.88
0.58 0.105 0.0027 1.28 60.0 18. 69
0 . 81 0.105 0.0027 1.28 1 2 0 .0 37. 59
0. 91 0.105 0.0027 1.28 180.0 56. 28
0. 95 0.105 0.0027 1.28 2 40.0 74.97
0.96 0.105 0.0027 1.28 300.0 93.66
0.98 0.105 0.0027• 1.28 360.0 112.56
0. 99 0.105 0.0027 1.28 420.0 131.00
0.74 0 . 1 1 0.0027 1. 58 60.0 29.09
0 .8 6 0 . 1 1 0.0027 1.58 1 2 0 .0 58.18
0. 94 0 . 1 1 0.0027 1.58 180.0 102.44
0. 96 0 . 1 1 0.0027 1 . 58 240.0 116.08
0. 96 0 . 1 1 0.0027 1. 58 300.0 145.17
0. 98 0 . 1 1 0.0027 1. 58 360.0 204.56
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Table D.14 cont'd.
t  -  tg SO Bed depth 
(L) (m)
Mean 
particle 
diameter 
(dp)(m)
Air 
velocity 
(U) 
(m/sec.)
Residence
time.
( t )
(sec)
U T C P g g
t  - t  go so C P d s s p
0.26 0.14 0.0027 0. 71 60.0 9.62
0. 50 0.14 0.0027 0.71 1 2 0 .0 19.25
0.73 0.14 0.0027 0. 71 180.0 28.87
0.85 0.14 0.0027 0.71 240.0 38.49
0.92 0.14 0.0027 0.71 300.0 47.82
0.95 0.14 0.0027 0.71 360.0 57. 44
0. 97 0.14 0.0027 0.71 420.0 67.07
0. 98 0.14 0.0027 0.71 480.0 76.69
0.44 0.14 0.0027 0. 91 60.0 12 .33
0.70 0.14 0.0027 0. 91 1 2 0 .0 24.36
0.82 0.1-4 0.0027 0.91 180.0 36.99
0 .8 8 0.14 0.0027 0. 91 240.0 49 .02
0. 93 0.14 0.0027 0. 91 300.0 61. 35
0.95 0.14 0.0027 0. 91 360.0 73. 68
0. 50 0.147 0.0027 0. 91 60.0 18.05
0 .6 6 0.147 0.0027 0. 91 1 2 0 .0 36. 37
0.79 0.147 0.0027 0.91 180.0 54.42
0 .8 8 0.147 0.0027 0. 91 240.0 72.75
0. 93 0.147 0.0027 0. 91 300.0 90.79
0. 96 0.147 0.0027 0. 91 360.0 108.85
0. 97 0.147 0.0027 0. 91 420.0 127.17
0.70 0.153 0.0027 0. 91 60.0 21.25
0.85 0.153 0.0027 0.91 1 2 0 .0 42. 78
0. 93 0.153 0.0027 0. 91 180.0 64.03
0. 94 0.153 0.0027 0. 91 240.0 85.28
0.95 0.153 0.0027 0. 91 300.0 106.81
0. 96 0.153 0.0027 0.91 360.0 128.06
0.97 0.153 0.0027 0. 91 420.0 149.31
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Table D.14 cont'd.
t  -  tg so Beddepth
CL) Cm)
Mean
particle
diameter
fpXm)
Air 
velocity 
(U) 
(m/sec.)
Residence 
time 
( t ) 
(sec)
U T C Pg g
t  - 1 go so C P d s s p
0.14 0.16 0.0027 0.71 60.0 9.62
0.44 0.16 0.0027 0. 71 1 2 0 .0 19.25
0.57 0.16 0.0027 0.71 180.0 28.87
0 .6 8 0.16 0.0027 0.71 240.0 38.49
0,82 0.16 0.0027 0. 71 300.0 48.12
0.89 0.16 0.0027 0.71 360.0 57.74
0.93 0.16 0.0027 0.71 420.0 67.02
0.94 0.16 0.0027 0.71 480.0 76. 65
0.95 0.16 0.0027 0.71 540.0 86.27
0. 96 0.16 0.0027 0.71 600.0 9 5.89
0. 97 0.16 0.0027 0.71 660.0 105.52
0. 30 0.16 0.0027 0. 91 60.0 12.37
0 . 60 0.16 0.0027 0. 91 1 2 0 .0 24.75
0.76 0.16 0.0027 0. 91 180.0 36.78
0.84 0.16 0.0027 0. 91 2 40.0 49.15
0.87 0.16 0.0027 0. 91 300.0 61 . 52
0. 92 0.16 0.0027 0. 91 360.0 73. 90
0. 93 0.16 0.0027 0. 91 420.0 86.27
0. 94 0.16 0.0027 0. 91 480.0 98.30
0.96 0.16 0.0027 0. 91 540.0 110.67
0.97 0.16 0.0027 0. 91 600.0 123.05
0. 98 0.16 0.0027 0. 91 660.0 135.42
0.47 0.168 0.0027 1 . 28 60.0 17.45
0.62 0.168 0.0027 1.28 1 2 0 .0 34 . 59
0.77 0.168 0.0027 1.28 180.0 52.04
0 .8 6 0.168 0.0027 1.28 240.0 69 .17
0. 91 0.168 0.0027 1.28 300.0 8 6.63
0. 93 0.168 0.0027 1.28 360.0 103.76
0.96 0.168 0.0027 1.28 420.0. 1 2 1 . 2 2
0.96 0.168 0.0027 1.28 480.0 138.36
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Table D.14 cont'd.
t  -- tg so Bed depth 
(L) (m)
Mean 
particle 
diameter 
(dp) (m)
Air 
velocity 
(U) 
(m/sec.)
Residence
time
( t )
(sec)
U x C Pg g
t - 1go so C P. d s s up
0. 70 0.176 0.0027 1. 58 60.0 21 . 51
0.83 0.176 0.0027 1. 58 1 2 0 .0 42 . 70
0.89 0.176 0.0027 1.58 180.0 64.21
0.93 0.176 0.0027 1. 58 2 40.0 85.39
0. 94 0.176 0.0027 1. 58 300.0 106.90
0.97 0.176 0.0027 1 . 58 360.0 128 .08
0. 98 0.176 0.0027 1. 58 420.0 149.60
0.28 0 .2 0.0027 0. 71 60.0 9.45
0. 53 0 .2 0.0027 0. 71 1 2 0 .0 19.33
0. 64 0 .2 0.0027 ‘ 0. 71 180.0 2 8.79
0.76 0 .2 0.0027 0. 71 240.0 38 .24
0.85 0 .2 0.0027 0.71 300.0 48.11
0. 91 0 .2 0.0027 0.71 360.0 57. 57
0. 94 0 .2 0.0027 0. 71 - 420.0 67.02
0. 94 0 .2 0.0027 0.71 4 80.0 76.90
0.97 0 .2 0.0027 0.71 540.0 8 6 . 36
0. 98 0 .2 0.0027 0. 71 . 600.0 9 5.80
0. 32 0 .2 0.0027 0. 91 60.0 1 2 .0 2
0. 53 0 .2 0.0027 0.91 1 2 0 .0 24.49
0.71 0 .2 0.0027 0.91 180.0 36.95
0.85 0 .2 0.0027 0.91 240.0 49.41
0.89 0 .2 0.0027 0. 91 300.0 61 .43
0. 92 0 .2 0.0027 0.91 360.0 73.90
0. 94 0 .2 0.0027 0. 91 420.0 8 5.93
0. 97 0 .2 0.0027 0. 91 480.0 98 .39
0. 98 0 .2 0.0027 0. 91 520.0 110.84
0. 98 0 .2 0.0027 0.91 600.0 122.87
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Table D.14 cont'd.
t  - tg so Bed depth 
(L) (m)
Mean
particle
diameter
(dp)(m)
Air 
velocity 
(U) 
(m/sec.)
Residence 
time 
Ct ) 
(sec)
U T C P
g g
t  - 1 go so C P d s s p
0. 52 0 . 2 1 0.0027 1.28 60.0 17.45
0.67 0 . 2 1 0.0027 1.28 1 2 0 .0 34 . 51
0.78 0 . 2 1 0.0027 1.28 180.0 51. 96
0.85 0 . 2 1 0.0027 1 . 2  8 240.0 69.02
0.89 0 . 2 1 0.0027 1.28 300.0 86.47
0. 93 0 . 2 1 0.0027 1.28 360.0 103.93
0. 93 0 . 2 1 0.0027 1.28 420.0 120.98
0. 98 0 . 2 1 0.0027 1.28 480.0 138.04
0.67 0 .2 2 0.0027 1. 58 60.0 21.19
0.78 0 .2 2 0.0027 1. 58 1 2 0 .0 42 .78
0 .8 8 0 .2 2 0.0027 1. 58 180.0 63. 96
0. 92 0 .2 2 0.0027 1. 58 240.0 85.15
0. 93 0 .2 2 0.0027 1. 58 300.0 106.74
0.94 0 .2 2 0.0027 1. 58 360.0 127.93
Q. 95
!
0 .2 2  
. ............
0.0027 1. 58 420.0 149.52
